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Table A List of scientific terms, concepts and principles used in Unit 1. 
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a= from general knowledge* Terms introduced or Page | Terms introduced or Page 
= developed in this Unit developed in this Unit 
= 

accuracy absolute luminosity 14 red shift 33 
angles and triangles (properties of) absorption lines 19 sine rule 9 
average (mean) age of Universe 36 stellar clusters 21 
calibration æ Centauri 16 superclusters (supergalaxies) 32 
constellation Andromeda galaxy (M31) 30 supernovae 32 
correlation apparent luminosity 14 surface temperature of a star 25 
degree (unit of angle) M | astronomical parallax 15 tangential speed 18 
degrees Celsius (centigrade) astronomical unit au 10 triangulation 10 
diameter Barnard’s star 17 Type I/II Cepheids 28 
dimensions (dimensional analysis) M | binary star 20 Virgo cluster 36 
errors black-body radiation spectrum 23 
frequency M | blue supergiants 31 
graph brightest galaxy method 34 
light waves calibration 15-26 
logarithm M | Cepheid variables 26 
minutes of arc clusters of galaxies 32 
orbit colour—luminosity correlation 25 
parallel lines Coma cluster 32 
percentage errors constellation 6 
period (of wave motion) M | continuous spectrum 20 
perpendicular convergent point 22 
T Doppler effect 19 
planet emission lines 20 
proportionality M | galaxies 31 
radian (unit of angle) M | Hubble constant 34 
radio waves Hubble’s law 34 
radius Hyades cluster 21 
right-angle intrinsic (i.e. absolute) luminosity 14 
seconds of arc inverse-square law 14 
small-angle approximation M | light-year 16 
solar system line spectrum 20 
spectrum Local Group of galaxies 32 
speed Magellanic Clouds 2T 
speed of light Messier catalogue 30 
star Milky Way Galaxy 30 
surface area of sphere = 4rr? moving-cluster method 18 
tangent (to circle) nebulae 30, 31 
telescope New General Catalogue (NGC) 30 
temperature opposition 10 
trigonometry (definition of sine, parallax 15 
cosine, and tangent) M parsec pc 16 
units (metre, second, etc.) M | period-luminosity correlation 26 
vacuum planet 6 
wavelength proper motion 17 

Proxima Centauri 16 

quasars 37: 

radar-ranging 11 

radial speed 19 

recessional speed (of galaxies) 34 


* The description given in a good dictionary will be quite adequate for most of these terms. However, one or two of the mathematical 
expressions (labelled M in the Table) are discussed in more detail in the Mathematics in S271 booklet. You should refer to 
this if you have doubts about the meaning of any of these mathematical terms. 


Study guide 


This Unit has two components—the Main Text and Television Programme 1. The 
major part of the Main Text is a kind of case-study describing the various techniques 
for Surveying the Universe. This case-study falls into four Sections. Of these, Section 
2, ‘To the stars’, is by far the most detailed and technical. You will probably need to 
devote about half your total study time to this Section. You will probably find that 
the rest of your time can be divided more or less equally between the material before 
Section 2, and the material after it. 


TV programme 1 discusses the classification and evolution of stars. It follows on 
most naturally from the discussion of the colour—luminosity correlation in Section 
2.5 of the Main Text. Although it is not essential for you to know the material in this 
Section in order to understand the TV programme, you will undoubtedly derive 
more benefit from the programme if you have managed to read up to this point before 
viewing. 


The material in this first Unit is meant to present you with a detailed example of 
physical enquiry. However, you should not spend time trying to learn or memorize 
the astronomical] data that occur throughout the story. It is not important that you 
remember the value of the Earth’s orbital radius, the name of the star with the largest 
proper motion, or the galactic cluster that was used to calibrate Hubble’s relationship. 
It is important, though, that you are able to follow the reasoning and apply the same 
sort of reasoning in alternative, and perhaps slightly different, circumstances. 


Prologue 


Discovering physics... a good, ringing title! But what exactly is physics? What 
discoveries have physicists been able to make, and what new discoveries are physicists 
making today? Why bother ‘discovering physics’? What is the excitement of physics? 
What is the use of physics? In this Course, we shall attempt to provide you with the 
means to begin to answer these questions for yourself. We shall try to give you some 
feel for the scope of physics. We shall try to indicate the present state of physical ideas 
and theory. We shall also try to give you a glimpse of the ways in which these ideas 
are being modified and extended today, and may possibly need to be modified and 
extended in the future. 


So, to begin at the beginning ... what is physics? Four hundred years ago the term 
physicist would not have been understood. The study of science was then the study of 
natural philosophy—a single discipline concerned with the scientific investigation of 
all natural phenomena, and the subsequent formulation of ‘laws of nature’ capable 
of embracing these phenomena. But since those Renaissance days, the growth of 
scientific knowledge has been so great that natural philosophy has divided into 
numerous different disciplines—physics, chemistry, Earth sciences, zoology, 
botany, metallurgy, meteorology, oceanography ... and many others. Nevertheless, 
it is perhaps true to say that of all the natural sciences, physics remains closest to the 
original ideal of those early natural philosophers; it is that branch of science still most 
directly concerned with studying ‘natural’ events and with adducing the fundamental 
laws of nature. 


To attempt to define physics in a couple of sentences, however, is all but impossible. 
My dictionary describes it as ‘the study of matter, energy, and motion’. And certainly 
physics is, in large part, about understanding the material world, and the interaction 
of one part of it with another. Yet clearly, physics is also what physicists do, and as 
such it reflects all the kinds of abstract qualities that accompany any field of human 
endeavour. Physics is a curious mixture of creative effort and lucky discovery, of 
painstaking experimentation and mathematical deduction, of accumulated knowl- 
edge and unifying ideas, of philosophical implications and practical applications. 
Strangely enough, physics is also about faith and aesthetics. Many new insights in 
physics have been prompted by a firm belief (often based on nothing more than ‘gut 
feeling’) that the ‘true’ explanation of some phenomenon cannot possibly be as 
complicated as it would at first sight appear. Most physicists would agree that one 
of the goals of physics is to attempt to ‘explain the world’ with the simplest possible 
array of ideas and equations. Many would go even further and argue that the mathe- 
matics we use in doing this should be not merely useful, but elegant also! And 
perhaps it is because physics displays all these many different facets that it is a 
fascinating, even if at times difficult, subject to study. 


Hopefully, many of these ideas—these attitudes—will become clearer, and appear 
more reasonable, as you work your way through this Course. It is, after all, generally 
easier to appreciate an argument in the context of a specific problem, rather than in 
the abstract. But how do I start you off on this road? How do I begin to explain the 
way in which physicists think? 


Well, what I am hoping to do in this first Unit is provide you with an opportunity to 
learn by example—an opportunity to, so to speak, look over the shoulders of some 
famous practitioners of science as they attempt to solve particular problems of 
interest to them. But rather than select these problems (and scientists) at random, I 
have chosen instead to concentrate on one single theme, and follow this basic theme 
through its various stages of development. 


The title of this theme is “Surveying the Universe’, and it poses the question: how do 
we determine the distances involved in our physical Universe, from the Earth right 
out to the most distant galaxies? It’s not that we’re particularly interested in these 
distances just for their own sake. Rather, it’s because a knowledge of these distances 
is the first step towards categorizing, delineating, classifying and grouping; and these 
in turn are steps on the way towards understanding the structure and function of our 
Universe and physical environment. 


But as it happens, this particular example of physical enquiry has even more to 
recommend it. To begin with, it is one of the few subjects in science that spans the 
whole era of scientific thought, from the fifteenth century right up to the present 
day. Consequently, it is a subject to which many eminent physicists have made 
important contributions in the past, and a subject to which many contemporary 
physicists are making valuable contributions right now. Indeed, astronomy is still 
at the forefront of physical discovery. 


And then again, it is a subject that has both contributed to, and benefited from, ideas 
in the mainstream of physics. Without, for example, the detailed work on planetary 
and lunar orbits by such people as Copernicus, Tycho Brahe, Kepler and Galileo, 
Newton’s work on gravitation would have had nowhere near as sound an observa- 
tional basis. In return, the study of the radiative spectra of stars would have been 
much more difficult without the detailed knowledge of atomic and thermal spectra 
that resulted from careful and painstaking experiments in ‘Earthly laboratories’. 


But above all, astronomy is a subject that takes hold of the imagination, posing, as it 
does, questions which in scope are of awe-inspiring magnitude. Yet despite this, I 
suspect that it is a subject with which you are not familiar in detail; you should 
therefore follow through the reasoning with a clear mind and a critical eye! For this 
is the most important aspect of this case-study. I am not saying that this topic is the 
most important branch of physics today and is therefore required reading at the 
beginning of any physics course worthy of the name—any one of a dozen topics 
could have served that purpose! What I am saying, though, is that this example is 
one that uses lots of ideas and techniques that physicists use, while at the same time 
illustrating some of the attitudes and approaches adopted by physicists when 
attempting to solve problems. And it is these thought processes—these ways of 
reasoning—that I am hoping you will begin to appreciate as you study this Unit. If, 
in addition, you see in the work of these physicists, an imagination and innovation 
that makes their efforts worthy of recognition alongside the efforts of any of our 
creative artists throughout history, then you are well on your way to understanding 
the excitement that makes ‘discovering physics’ so worth while! 


Surveying the Universe 


How large is our Universe? How is our Universe structured? These are difficult 
questions, and even today we are not sure that we've got all the right answers. 
Clearly, we can’t measure astronomical distances using the same direct measuring 
techniques that we would normally use on Earth. Instead, we have to rely on a 
complicated chain of reasoning that enables us to extend our measurements from 
the Earth, to the solar system, to the stars, and then to the galaxies. Such an approach 
is, of course, fraught with difficulties. For example, the individual measurements 
themselves may be subject to rather larger uncertainties than we should like— 
perhaps in some cases because they've been made at the very limits of our instru- 
mental capabilities, or in others because they've relied too heavily on a statistical 
analysis of the patterns of behaviour of stars or groups of stars. And then there is 
also a problem associated with the hierarchical nature of the reasoning, in that if any 
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one link in the chain should break (because, for example, a new discovery is made, 
or because a measurement must be revised in the light of improved instrumentation), 
then the whole of the rest of the chain must be reanalysed and reassessed. Under the 
circumstances, it is remarkable that we have been able to discover as much about 
our Universe as we have! Nevertheless, bear in mind as you read through this Unit 
that a small cloud of uncertainty hangs over many of the distance ‘measurements’ 
discussed. We must always be ready to jettison our ideas if better measurements in 
the future show them to be untenable. Not that we think this very likely at present. 
The theories are beginning to look very ‘pretty’—they have about them the feel of 
‘being on the right track’. They may need a bit of modification here and there as the 
measurements are improved, but we think they are fundamentally sound. 


The planets 


Mapping the solar system: planetary relationships 


If you look up at the sky on a clear night, what you see (apart from the Moon) is a 
myriad of twinkling points of light. But though these points of light show differences 
in brightness, though they may even appear to show slight differences in colour, the 
overwhelming impression they create is one of ‘sameness’—the points of light all 
look very much alike. This is our ‘everyday view of the Universe—not a very prom- 
ising position from which to start unravelling its structure and organization! Yet 
remarkably, with just this view, the ancient Greeks were able to make a fundamental 
discovery—they were able to identify, in addition to the Sun and the Moon, a group 
of celestial objects quite distinct from the majority of stars. They called these objects 
planets. But the Greeks didn’t identify the planets just by looking at the night sky—it’s 
impossible to differentiate the stars and planets in this way (see Figure 1). Instead, 
they made careful and detailed observations of the night sky over long periods of 
time. And what they found was that although the planets were no different from the 
stars in appearance, they were very different from the stars in their behaviour. For, 
the majority of stars, though they moved through the sky from hour to hour and from 
night to night, none the less all moved in step with each other; it was therefore possible 
to group these stars into constellations (or patterns of stars) that maintained their 
shape throughout the years. However, there also appeared to be a few ‘renegade 
stars’ which continually changed their positions relative to the fixed shapes of the 
constellations. It was these ‘moving stars’ that were labelled the planets. The Greeks, 
however, had no way of measuring the distances to either the planets or the stars. 
Indeed, the most favoured structure of the ‘Universe’ at that time, consisted of the 
Sun, Moon, and planets circling the Earth in concentric spheres, with the stars all 
rigidly fixed to a sphere just beyond the orbit of the most distant planet (Figure 2). 
But without distance measurements, there was no way of even beginning to put this 
model to the test. 


6 


planets 


constellations 


Figure 1 A photograph of part of the 
night sky as seen from New York in 
July 1977. Can you tell the difference 
between the stars and the planets? In 
fact, the points of light arrowed M and 
J are Mars and Jupiter respectively. 


1.1.1 


Determining relative planetary distances 


At the beginning of the sixteenth century, Copernicus put forward his model of a 
Sun-centred system, with the Earth and other planets orbiting the Sun. It was this 
model that first provided a possible way of calculating the relative distances to the 
planets. Even so, the reasoning required was not easy. Everything was complicated 


distant background 
pattern of stars 


by the fact that the Earth itself—our observation seat—was also in motion about the 
Sun. The German astronomer Kepler (1571-1630) finally hit on a solution to the 
problem.* His method is illustrated in Figure 3. He waited until the Sun, the Earth 
and Mars all fell in a straight line (SE,M,), and then made a measurement of the 
position of Mars against the background of the unchanging pattern of distant stars. 


* Copernicus himself had devised a way of calculating the relative orbital radii. Although 
his method pre-dated Kepler’s, it relied on the (false) assumption that the planets all moved 
in concentric circular orbits about the Sun. Consequently it predicted results that were not 
confirmed by observation. We discussed Copernicus’s method, as applied to the inner 
planets (i.e. Venus and Mercury), in the Science Foundation Course. Note that Kepler’s 
method does not assume circular orbits. 
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Figure 2 The Ptolemaic universe, with 
the Earth at the centre and surrounded 
by the Moon, planets, Sun and stars in 
a series of concentric spheres. This 
diagram appeared in Peter Apian’s 
Cosmographia in 1539. 


Figure 3 Kepler’s method for determin- 
ing the ratio of the Mars—Sun distance 
to the Earth—Sun distance. S is the 
position of the Sun. E, and M, indicate 
the positions of the Earth and Mars, 
respectively, at the first sighting; E, 
and M, indicate their positions at the 
second sighting. Since the second 
sighting is exactly one ‘Martian year’ 
after the first, M, and M, are 
coincident. 


There are two types of non-right-angled triangle: in one, all the angles are less 
than 90 degrees (this is called an acute-angled triangle); in the other, one of 
the angles is greater than 90 degrees (this is called an obtuse-angled triangle). 


acute-angled triangle obtuse-angled triangle 


Both these triangles can be ‘broken down’ into two right-angled triangles by 
dropping the perpendicular from C to the side AB, or AB extended. Recall 
that in a right-angled triangle 

sin 0 = opposite/hypotenuse 

cos 0 = adjacent/hypotenuse 


tan 0 = opposite/adjacent 


Hence, for the acute-angled triangle for the obtuse-angled triangle 
: CD : CD 
sin A = — sin (180° — A) = — 
b b 
CD : CD 
sin B = — sin B = — 
a a 


Equating the two expressions for CD in each case 


b sin A = a sin B b sin (180° — A) = a sin B 
or or 
a b a b 
sinA sinB sin (180° — A) sin B 


By dropping the perpendicular from A, it is similarly possible to show that, in 
both cases, 


b (a 


sinB sin C 


Combining all these results we arrive at the SINE RULE 


a b c 


sin A sinB sinC 
or in an obtuse-angled triangle (where A is the obtuse angle) 


a b E 


sin (180° — A) sinB sinC 


Notice that when an angle is greater than 90 degrees, the sine rule gives the 
complement of the obtuse angle (i.e. 180° — A). 


One ‘Martian year’y later, Mars will be back in the same position in its orbit (i.e. the 
points M, and M, in Figure 3 coincide), but the Earth will be in a different position 
(E,). In fact, the Earth will have completed almost two orbits. Two measurements are 
made from E,. First a measurement is made of the angle ¢—the angle between the 
line of sight to Mars and the line of sight to the Sun. Secondly, the position of Mars 


+ You will see in the next Section how Kepler knew the duration of one Martian year. 


Figure 4 The sine rule and its 
justification. 


against the distant background pattern of stars is again noted. This latter observation, 
coupled with the observation made one Martian year earlier, enables the angle 0 
to be determined. Hence all the angles in the triangle SE, M, are now known. By 
drawing a scale diagram of this triangle, Kepler was able to find the Mars—Sun 
distance in units of the Earth-Sun distance. 


Nowadays, wed solve this particular problem by trigonometry. The sine rule,* 
applied to triangle SE, M, in Figure 3, says that 


SE, SM, 


= 1 
sin@ sing D 
Hence 
sin ġ 
SM, =— x SE, (2) 
sin 8 


ITQ 1 The angles 0 and ¢ (as defined in Figure 3) are measured and found 
to be 40.6 degrees and 97.4 degrees respectively. Determine Mars’s distance 
from the Sun in units of the Earth—Sun distance. 


Important study comment In this Course, in-text questions (ITQs) are 
designed to be an integral part of the teaching strategy. Indeed, although some 
of these ITQs are intended solely to help you consolidate new material, you 
will also find ITQs that are designed to advance the argument at a particular 
point in the Text, or even to introduce a new idea at that point. Consequently, 
ITQs cannot be treated as optional material; you should tackle the questions 
as and when you meet them. 


Self-assessment-questions (SAQs), on the other hand, are provided to enable 
you to test whether or not you have grasped the main points taught in the 
Text; they are not, therefore, essential to your understanding of the Text, but 
can rather be thought of as ‘revision’ questions. Nevertheless, we strongly 


advise you to attempt these questions sometime during your study of the 
Unit. 


Similar observations to those I have just described here for Mars can also be made 
on the other planets in the solar system. In this way, all the relative average orbital 
distances can be found. Table 1 shows the modern values of these data. 


Table 1 Relative average orbital 
distances of the planets 


average orbital distance 


planet : 
average Earth-Sun distance 
Mercury 0.39 
Venus 0.72 
Earth 1.00 
Mars 1.52 
Jupiter 5.20 
Saturn 9.54 
Uranus 19.14 
Neptune 30.20 
Pluto 39.44 


Determining the planets’ orbital periods 


In practice, Kepler himself did not need to make the observations described in the 
previous section. Instead, he was able to rely heavily on the 20 years’ worth of 
astronomical data painstakingly collected by his teacher and fellow scientist, Tycho 
Brahe (1546-1601). It was from this mass of data, also, that the necessary information 
about the planets’ orbital periods (for example, the duration of one Martian year) 


* If you've not met the sine rule before, or would like to be reminded of its justification, you 
should work carefully through the argument given in Figure 4. 


sine rule 
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was calculated. But once again, because of the complications introduced by the 
Earth’s orbital motion, it required great ingenuity to extract this information. 


Figure 5 shows the basis of the reasoning for a planet with a more-or-less circular 
orbit.* A record is made of every occasion on which the planet and the Sun are 
observed to be in opposition (i.e. when the Earth lies between the Sun and the planet, 
on the line joining them). Suppose that the first such observation corresponds to the 
positions shown in Figure 5a as Py, E, and S. Now, as the Earth and the planet move 
around the Sun, the Earth begins to get ahead of the planet (Figure 5b). Eventually, 
the Earth will have gained one complete revolution on the planet, and once again the 
Sun and the planet will be in opposition. (This is shown as P,, E, and S in Figure Sc). 
At a later date, when the Earth has gained two complete revolutions on the planet, 
opposition will again occur (P,, E, and S in Figure 5d). Clearly, the Sun and the 
planet will come into opposition every time the Earth gains another complete 
revolution on the planet. 


ITQ 2 (a) Suppose that the circular orbit approximation can be applied 
to Mars, and suppose that 2 years 51 days (2.14 years) elapse between two 
successive oppositions (say Pp EọS and P,E,S). Estimate the length of one 
Martian year. 


(b) The eighth opposition (i.e. PgE,S) after the initial opposition occurs 
after a time interval of 17 years 29 days (17.08 years). Calculate a more accurate 
value for the Martian year. Is this value still accurate when the ellipticity of 
Mars’s orbit is recognized? 


Scaling the solar system: the astronomical unit 


Kepler’s calculations were only capable of giving him the planetary orbital distance 
relative to the distance between the Earth and the Sun. In this sense, the Earth-Sun 
distance has taken on the role of a standard astronomical unit of length, and indeed, 
it is conventional to refer to it as one astronomical unit (abbreviated to 1 au).t Having 
once defined the unit, we can then use it as the basis of other astronomical distance 
determinations. However, there then exists the problem of relating the astronomical 
unit to our standard scientific unit of length—the metre. Until this is done, we are 
in the position of having a map of the solar system (and possibly beyond) without a 
scale! If we could only determine just one of the distances on our map in metres, then 
the scale would be specified. 


Over the years, several attempts have been made to relate the astronomical unit to 
the metre. Most of them have been based on a triangulation method, such as that 
illustrated in Figure 6. Simultaneous measurements of the angular position of some 
object in the solar system are made from two points on opposite sides of the Earth. 
Knowing the distance (in metres) between these two points, it is possible, in principle, 
to calculate the distance to the object (d in Figure 6) also in metres. For instance, if 
0 is small, then the small-angle approximation 


D 


z O(in radians) 


(3) 


can be used.t Unfortunately, this method cannot be used with any confidence, even 
today, to measure directly the distance to the Sun. The problem is that even with the 
largest base-line available on the Earth (i.e. D in Figure 6), the angle subtended at the 
Sun is very much smaller than the angular size of the Sun’s disc itself. (We now 
know that the angle subtended at the Sun by the Earth’s diameter is less than 0.005 
degrees; this compares with an angular size for the Sun’s disc of about 0.5 degrees!) 


*The argument can also be applied to planets with non-circular orbits, but (as you will 
discover in ITQ 2) for the results to be accurate, the observations have to be made over much 
longer periods of time. 


f Because the Earth’s orbit is elliptical, deviating very slightly from a perfect circle, the 
Earth-Sun distance is not constant. The astronomical unit is therefore defined to be the 
average Earth-Sun distance. As I pointed out in ITQ 1 though, the deviation of the actual 
Earth-Sun distance from 1 au never exceeds 2 per cent. 


$ If you need to remind yourself of the small-angle approximation, you should refer to the 
Mathematics in S271 Booklet. 
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Figure 5 By noting the time that 
elapses between successive oppositions 
of the Sun and a particular planet P, 

it is possible to calculate the orbital 
time-period of the planet. Here the 
opposition designated by P,E,S occurs 
2.14 years after the initial opposition 
P, EoS, (i.e. the planet, in this case, is 
Mars). 
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object in solar system 


Earth 


Figure 6 The triangulation method for determining distances. The angular position of the 
object (relative to a distant background pattern of stars) is measured simultaneously from 
two points on the Earth a known distance D apart. 


The measurements are almost as difficult for the planets. Nevertheless, attempts 
were made, in 1862 and 1877, to triangulate the distance to Mars. The results, 
though they were the best that could be managed at that time, were still very in- 
accurate. For, although the disc of Mars was much smalier than the Sun’s disc, it 
was still considerably larger than the apparent angular difference in Mars’s position 
as measured from opposite sides of the Earth. 


What was needed to improve the measurements was for some object in the solar 
system, with a small angular size, to come sufficiently close to the Earth to make the 
angle subtended at the object from the Earth’s diameter reasonably large. Two such 
situations arose in 1900-01 and 1930-31 when asteroid Eros came in the first instance 
to within 0.27 au of the Earth, and in the second to within 0.17 au.* This asteroid was 
suitably small in diameter, and many observations made on it during these periods 
enabled the astronomical unit to be determined with reasonable precision. 


Figure 7 This radio-frequency trans- 
mitter/receiver at the Goldstone Tracking 
Station in California was used, in 1961, 
to make the first precision radar-ranging 
measurements of the distance between 
the Earth and Venus. 


Today we have moved to a more direct way of calibrating the astronomical distance calibration 
scale; it is based on a radar-ranging technique. A powerful transmitter (Figure 7) radar-ranging 
directs an intense pulse of high-frequency radio waves towards the planet Venus. 

Some of the energy is reflected by the planet back towards the Earth, where it is 

detected, on arrival, by a very sensitive radio receiver. Unfortunately, only about 

107°? of the energy in the initial pulse is received back at the detector, so making 

unambiguous recognition of the pulse extremely difficult. However, the latest 

developments in, for instance, sophisticated electronic noise-reduction techniques 

have enormously improved the reliability of the method, and it is now capable of a 

precision of better than 1 part in 10°. 


* Many thousands of asteroids (sometimes called ‘minor planets’) orbit the Sun, mainly in 
the region of space between the orbits of Mars and Jupiter. Of the known asteroids only 
four—Ceres, Pallas, Vesta and Hygiea—have diameters greater than 300 km; the rest, 
including Eros, have diameters much smaller than this. The orbits of many of the asteroids 
have been accurately calculated (in astronomical units). A large number of them have highly 
elliptical orbits (in direct contrast with the shapes of the orbits of the major planets, all of 
which are almost circular). It is for this reason that several asteroids have, in the past, come 
very close to the Earth. 
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Radio waves are just a small part of the complete compass of the electromagnetic spectrum; the spectrum 
ranges from very low frequency (long wavelength) radio waves, through infra-red, visible, and ultraviolet 
radiation, to very high frequency (short wavelength) y-rays. All these different radiation waveforms travel, 
in a vacuum, at the speed of light (i.e. 3 x 10®ms_'). Furthermore, the frequency f of the radiation is 
related to the radiation wavelength À by the equation 


J} = speed of light 


Note that the boundaries between the different radiation regions are not well defined. The high-frequency 
radiowaves used for radar ranging fall in the overlap region between radiowaves and microwaves. 


Since the radio pulse travels at the speed of light, i.e. 3 x 108 metres per second (see Figure 8 The electromagnetic spectrum. 
Figure 8), the distance to Venus can easily be deduced from the measurement of the 

time required for the pulse’s round trip. By combining this ‘direct’ value for the 

distance between the Earth and Venus with observations of the position of Venus 

in her orbit, it is possible to obtain a value for the Earth-Sun distance in metres (see 

SAQ 3). This gives a modern value for the astronomical unit of 


1 au = 1.495 980 x 10!! metres (4) 


1.3 


Summary of the main ideas in Section 1 


One of the major difficulties in discovering how our solar system ‘fits together’ is that 
the Earth—the place from which we have to make our observations —is itself moving 
relative to the Sun and the other planets. This makes the apparent motion of these 
other planets very complicated. To unravel this complicated situation, it is first 
necessary to put forward a model of the solar system, and then test this model against 
the observations. Kepler, using Copernicus’s model of a Sun-centred system and 
Tycho Brahe’s tables of astronomical observations, was able to compute the orbital 
paths of the known planets in the system, and hence deduce each planet’s average 
distance from the Sun in terms of the average Earth—Sun distance. (The average 
Earth—Sun distance is called one astronomical unit.) But this only gave the relative 
positions of the planets. To put an accurate scale on to the map of the solar system, 
it was necessary to make an independent, direct measurement of the distance to one 
of the objects on the map, thus calibrating the astronomical unit. Early direct mea- 
surements attempted to triangulate the distance to Mars; later measurements 
triangulated (rather more accurately) the distance to the asteroid Eros as it passed 
close by the Earth. Nowadays, precision radar-ranging techniques (in which a pulse 
of electro-magnetic radiation is ‘bounced back’ from a distant object) are used to 
measure the distance to Venus. 


The discovery of the distribution of the planets within the solar system was one of 
the great achievements of seventeenth-century physics. But it did more than merely 
satisfy a few scientists’ curiosity; for it enabled Kepler to go on to deduce his famous 
three laws of planetary motion, which in part (as you will see in a couple of Units’ 
time) provided the inspiration for Newton to develop his all-important theory of 
gravitation, as well as providing the firm evidence against which to test it. 


Self-assessment questions for Section 1 


SAQ 1 (a) By sketching a diagram similar to Figure 3, explain how Kepler’s 
method could be used to find the Venus—Sun distance in astronomical units. (Venus’s 
orbit is nearer to the Sun than is the Earth’s orbit, and 1 ‘Venusian year’ lasts 225 
Earth days). 


(b) Suppose that the second sighting (taken after the elapse of one Venusian year) 
gives a value of 17.4 degrees for the angular difference between the line of sight to the 
Sun and the line of sight to Venus. By using the sine rule, show that the Venus—Sun 
distance, at this time, is approximately 1.1 x 10'! metres. (Assume that 1 au = 
1.50 x 10"! metres.) 


SAQ 2 When Mars and the Sun are in opposition, a radio pulse is beamed from 
the Earth towards Mars. Given that Mars, at this time, is 1.52 au from the Sun, and 
that the speed of light is 3 x 10®ms_', calculate the time interval that elapses 
between the sending of the signal and the reception of its ‘echo’ back on Earth. 
(Assume that 1 au = 1.50 x 10!! metres.) 


SAQ 3 A radar-ranging experiment gives the distance between the Earth and 
Venus at a particular time during Venus’s orbit as 5.20 x 10'° metres. At this same 
time, direct observation gives the angular difference between the line of sight to Venus 
and the line of sight to the Sun as 30.0 degrees (see Figure 9). Assuming that the 
relative Venus—Sun and Earth—Sun distances at this time are as given in Table 1, 
calculate the value of the astronomical unit in metres. (Hint First determine the 
angle at V, noting that it is an obtuse angle, and hence deduce the angle at S.) 
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Figure 9 An experiment to relate the 
astronomical unit to the metre. Radar- 
ranging gives the distance EV as 

5.20 x 10!°m when the angle SEV is 


-30.0 degrees. 


2.1 


To the stars 


The inverse-square law 


Finding the distance to a star would be easy if only we could assume that all stars 
emit the same amount of light, that is, have the same absolute (or intrinsic) luminosity. 
For then, the difference in the apparent luminosity (i.e. the brightness of the stars as 
seen from the Earth), could be attributed to the difference in the distances of the 
various stars from the Earth. The further away the star, the dimmer it would appear. 


In fact, we can be quite quantitative about the way in which the apparent luminosity 
is affected by the distance. If it is reasonable to assume that a source radiates its 
energy equally in all directions, then the radiated energy must pass through the 
surface of an imaginary sphere whose centre is located at the source (see Figure 10). 
Furthermore, as the energy propagates away from the source, it continues to fill the 
expanding surface area of the ever-increasing sphere. But the surface area of a sphere 
is given by the formula A = 4nr?, where r is the radius of the sphere. Hence, as the 
distance r from the source is increased, the energy ‘concentration’ is reduced by the 
square of this distance—that is, by the factor r?. This rule, which applies to all 
sources that radiate isotropically (i.e. equally in all directions), is known as the 
inverse-square law. 


r = 3 units 


r = 2 units 
—r = | unit} 


Clearly then, a detector of fixed area will intercept a smaller fraction of the energy 
emitted per second by the source the further that detector is from the source. So, to 
calculate the distance to different stars (all assumed to be emitting the same amount 
of light), we would simply have to compare the different apparent luminosities of the 
stars on a square-law scale. Thus, a star that appeared a quarter as bright as some 
reference star would be twice as far away as the reference star; a star a ninth as bright, 
would be three times as far away, and so on. This would then give the relative dis- 
tances of the stars. If the distance to just one star could be found on an absolute 
scale, then, as in the case of the planets, the distance to all the other stars would be 
determined. e 


Unfortunately, my initial premise was not correct—we cannot assume that all 
stars have the same absolute luminosity! However, as you will see later, all is not 
lost. Comparisons of apparent luminosity, when combined with other bits of in- 
formation, can give us some guidance about the distance of stars. But note, these 
other methods can only give guidance; they are not, unfortunately, absolutely 
reliable. Nevertheless, they are better than nothing at all. 


\4 
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Figure 10 The energy per second 
emitted by the source S passes through 
the surface of a sphere of area 4zr’. 

The energy that passes through the 
shaded ‘square’ at r = 1 unit then passes 
through four ‘squares’ of the same area 
at r = 2 units, and through nine ‘squares’ 
of the same area at r = 3 units. The 
energy per second passing through 

each of these three shaded squares will 
therefore be in the ratio 1 : 4:4. Hence 
the energy per second reaching a detector 
of fixed area will decrease as 1/r?, where 
r is the distance of the detector from the 
source. 


2.2 Parallax 


In practice, the only technique for finding stellar distances that is not open to argu- 
ment is the triangulation or parallax technique. You have already met the idea 
underlying this technique in Section 1. I described there how, in an attempt to 
determine the absolute value of the astronomical unit, simultaneous angular sightings 
were made of a planet (or asteroid) from positions on opposite sides of the Earth. 
The observed angular difference between the two sightings, together with a knowl- 
edge of the distance between the two sighting positions, enabled the distance to the 
planet (or asteroid) to be found. Now even for planets, these measurements were 
difficult to make; for stars, which are much further away, they are impossible... 
unless, that is, a bigger base-line (bigger than the diameter of the Earth) can be found. 
Fortunately, a bigger base-line is available. By taking the two angular measurements 
of a star six months apart in time, we can use the diameter of the Earth’s orbit around 
the Sun as the base-line (Figure 11). 


parallel light from a very distant star 


‘near’ star 


Earth 
(first sighting) 


Earth 
six months later 
(second sighting) 


Figure 11 Determining the distance to a ‘near’ star by the parallax method. Note that the 
parallax ¢ is defined as half the angle between the two sighting lines (i.e. the parallax is de- 
fined for a base-line of one Earth orbital radius). The distance r to the star can be calculated 
(using the small-angle approximation) from r = 1/ġ au, where @ is in radians. Incidently, 
this diagram is not drawn to scale; the angle @ is greatly exaggerated. Even for the nearest 
stars, @ is smaller than 1 second of arc; consequently the difference between the Sun—star 
distance and the Earth—star distance is negligible. 


Why couldn’t we use the Earth’s orbital diameter when measuring the angular 
positions of the planets? 


The difficulty with the planets is that they themselves move considerable 
distances, in elliptical orbits, during the six months it takes the Earth to move 
from one side of her orbit to the other. That is why simultaneous, or almost 
simultaneous, observations are required when distance ranging to the planets. 
Any motion of the stars relative to the Sun, however, can (as you will see soon) 
be eliminated from the parallax calculations. 


In practice, the astronomical parallax angle is defined to be half the angle between 
the two sighting lines—that is, @ (in Figure 11) is the angle subtended at the star by 
the radius of the Earth’s orbit (1 au).* From the small angle approximation, the 


* Astronomical parallax is commonly abbreviated to just ‘parallax’. A base-line of one 
average Earth-orbit radius (i.e. 1 au) is to be understood. 


parallax 


astronomical parallax 
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star’s distance r is given by 


lau (5) 
r= — 
$ 

where r is in astronomical units when ¢ is in radians. It is conventional, however, to 
quote astronomical parallax in seconds of arc rather than in radians. Since there are 
3 600 seconds of arc to 1 degree, and since 360 degrees equals 2x radians, then there 
are 360/27 x 3600, or 206 265 seconds of are per radian. Hence, equation 5 can be 
rewritten as 


206 265 
$ 


where ¢ is now in seconds of arc. What equation 6 says is that a star with a parallax 
of 1 second of are is at a distance of 206 265 au, or approximately 2.063 x 10° au. 


r 


au (6) 


ITQ 3 How far away from the Earth is a star with a parallax of 0.25 seconds 
of arc? Express your answer in astronomical units. 


ITQ 4 Figure 11 shows the ‘near’ star located directly above the Sun on an 
imaginary line perpendicular to the plane of the Earth’s orbit. How should the 
geometry be modified for stars in other positions relative to the Earth’s orbit? 


Observation has shown that even the nearest stars to us have parallax angles of less 
than 1 second of arc. Hence, our nearest-neighbour stars are more than 2.063 x 10° au 
away from us! On this sort of scale, it is convenient to define a new, larger, unit of 
length. One such unit, frequently used by astronomers (not to mention science-fiction 
writers!) is the parsec. One parsec (which is a contraction of ‘the parallax of one 
second of arc’) is defined to be that distance at which an object exhibits a parallax 
of one second of arc when viewed from two positions separated by a distance equal 
to the Earth’s mean orbital radius. In other words, 1 parsec (abbreviated to 1 pc) is 
equal to 2.063 x 10° au. Together with equation 4, this gives 


1 pc = 3.086 x 101° metres (7) 


The small-angle relationship (equivalent to equation 6) between the distance and 
the parallax now becomes 


1 
rape (8) 
(a 
where ¢ is measured in seconds of arc. Hence, a star exhibiting a parallax angle of 


0.25 seconds of arc is 4 pe distant; a star with a parallax of 0.1 seconds of arc is 
10 pe distant, and so on. 


ITQ 5 The star commonly called « (alpha) Centauri in the southern hemi- 
sphere constellation of Centaurus is really a triple star system—three stars 
orbiting about each other. One of these stars, Proxima Centauri, is at present 
closer to the Earth than the other two (æ Centauri A and « Centauri B), 
and is, in fact, the Earth’s nearest stellar neighbour. It has an observed parallax 
of @ = 0.763 seconds of arc. Calculate the distance of Proxima Centauri in 
parsecs. What is this distance in metres? 


ITQ 6 An alternative unit of distance on the stellar scale (perhaps more 
favoured by astrophysicists than by astronomers*) is the light-year. One 
light-year is defined as the distance that light (or any other electromagnetic 
radiation) travels in one year, in a vacuum. Taking one year to be 365 days, 
and given that the speed of light in a vacuum is 3.00 x 108 m s~ t, calculate the 
value of one light-year in metres. Hence deduce how long it takes, at present, 
for the light from Proxima Centauri to reach the Earth. 


The drawback with the parallax method of determining stellar distances is that the 
technique is restricted to those stars for which we can obtain sufficiently precise 


* Personally, I often find it very difficult to differentiate between these two types of scientist. 
Speaking literally, I suppose an astrophysicist is someone who attempts to understand the 
physics of stellar phenomena, whereas an astronomer specializes in the observation, calcula- 
tion, and theoretical interpretation of the positions, dimensions, distribution, motion, 
composition, and evolution of celestial bodies and phenomena! Even so, the worst social 
blunder you can make is to call an astrophysicist an astronomer —so be warned!! 
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2.3 


2.3.1 


measurements. With modern instrumentation, we can just about detect a parallax 
of 0.005 seconds of arc (equivalent to a distance of 200 pc). Unfortunately, with a 
parallax as small as this, the uncertainty in the measurement is comparable with the 
measurement itself, and the resulting distance determination is therefore highly 
unreliable. If we require that the uncertainty be no greater than +10 per cent of the 
measurement, then the parallax must be larger than about 0.05 seconds of arc. Only 
about 700 stars lie within this 20 pc limit. To put this in perspective, it is sobering to 
note that on a clear, dark night, away from the glare of urban lights, several thousand 
stars can be seen with the unaided eye; and with a large, modern telescope, many 
thousands of millions of stars become visible (see Figure 12). 


Stellar motion 


The changing constellations 


It is frequently stated that the stars are fixed (relative to the Sun), whereas the 
planets—literally the ‘wanderers’—move about. Indeed, this was the assumption 
implicit in the parallax discussion in the preceding Section: for only in this way 
could the apparent angular difference in the position of a star, as seen from opposite 
sides of the Earth’s orbit, be solely attributed to the Earth’s motion around the Sun. 
However, such an assumption is not strictly correct. In general, all the stars are 
moving with respect to each other, and hence are also moving with respect to the 
Sun. This motion too, therefore, will give rise to an apparent shift in the relative 
positions of the stars.* 


Of course, for very distant stars, the apparent shift per year will be extremely small, 
and it may well take many thousands of years for the relative stellar motion to 
become apparent. Nevertheless, since the changes are cumulative, they will build up 
inexorably over a period of time, and we confidently predict that the shapes of the 
constellations familiar to us now will look quite different thousands of years hence. 
For example, Figure 13 illustrates how much we think the shape of the ‘Plough’ (or 
‘Big Dipper’) will be modified in the next 50 000 years. 


Relatively close stars, on the other hand, may show an appreciable shift in their 
apparent position even over a single year. The two photographs in Figure 14 show 
the cumulative change in position of Barnard’s star (which is 1.8 pe from the Sun) 
over a period of 22 years, from 1894 to 1916. The shift shown (which, of course, can 
only be observed as a change of position of the star perpendicular to our line of sight) 
corresponds to an angular movement of just over 3.8 minutes of arc. This is equivalent 
to an angular change of position per year of 10.5 seconds of arc. This yearly angular 
change of position of a star is called the star’s proper motion. Notice that only the 
component of the star’s motion (relative to the Sun) that is perpendicular to our line 


1894 1916 


Figure 14 Two photographs, taken at the Yerkes Observatory, of the region of sky con- 
taining Barnard’s star. The second photograph was taken 22 years after the first. Barnard’s 
star (indicated here by arrows) has moved by more than 3.8 minutes of arc relative to the more 
distant stars. 


of sight contributes to the proper motion (see Figure 15). Barnard’s star has the largest 
proper motion that has so far been observed. 


* Any apparent stellar motion, however, is negligible compared with the motion of the Earth, 
the Moon, and the planets, relative to the Sun. It is perfectly legitimate, therefore, when 
studying objects in the solar system, to treat the stars as though they are in fixed positions 
relative to each other. 
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Figure 12 is on the colour plate pages 
between pp. 25 and 26. 
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Figure 13 The position of the stars 
that make up the ‘Plough’—or ‘Big 
Dipper—(a) as they are now, and (b) as 
they will be 50.000 years hence. These 
stars are part of the constellation of 
Ursa Major (the ‘Great Bear’). 
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Figure 15 When a star moves relative 
to the Sun, the distance s travelled in a 
direction perpendicular to the line of 
sight to the star gives rise to an angular 
shift @ in the position of that star. The 
angular change in position per year is 
defined to be the star’s proper motion. 
(Note that movement along the line of 
sight to the star does not give rise to an 
angular shift of position.) 
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2.4 


2.4.1 


2.4.2 


The effect of proper motion on parallax 


Fortunately, because the proper motion changes are cumulative, they do not interfere 
with the parallax measurements of a star. The star’s apparent change of position 
relative to the Sun (its proper motion) is always in the same direction, whereas the 
parallax shift, caused by the Earth’s rotation about the Sun, oscillates back and forth 
with a yearly period. Hence, if a parallax measurement is made up of, not two, but 
three observations, each six months apart, then the difference between the first and 
third observations (a year apart in time) will give just the proper motion for one year. 
(The parallax shift corresponding to one year is zero!) The proper motion that occurs 
in six months can then be calculated. When this six months’ worth of proper motion 
is subtracted from the total motion observed in any six monthly period, the motion 
that is left gives the parallax. 


Although in principle only three observations are necessary in order to determine 
the parallax, in practice, measurements are made over a time span of several years. 
In this way, the parallax of any star can be measured to an accuracy of better than 
+ 0.005 seconds of arc. 


Extending the distance scale—the moving-cluster 
method 


Proper motion—a key to greater stellar distances? 


Although it’s true that it is possible to separate out a star’s proper motion from its 
parallax, there is no doubt that measuring stellar distances by the parallax method 
would be much simpler if the proper motion didn’t exist at all! Yet even so, some 
astronomers began to ask themselves whether this proper motion—merely a nuisance 
as far as nearby stars are concerned—could be used to advantage for the more 
distant stars. After all, the relative motion of the planets was used to provide a key 
to determine planetary distances. Might not the proper motions of the stars similarly 
provide a key for determining stellar distances? 


Well, as you will see in the remainder of this Section, it is possible to devise a method 
of stellar distance measurement that utilizes the stars’ proper motions—the method 
is called the moving-cluster method. However, as you might expect, the techniques 
used in this case bear no relationship whatsoever to the techniques used for the 
planets. In fact, the reasoning behind the method is rather complex, containing 
several apparently diverse steps, which must nevertheless all be eventually linked 
together. I shall deal with each of these steps in turn. 


Relating proper motion to distance 


Look again at Figure 15. The small-angle approximation applied to this triangle 
gives the result 
S = 1360 (9) 


where s is the distance moved by the star, in a given time interval, in a direction 
perpendicular to our line of sight; where @ (in radians) is the apparent change of 
angular position of the star in the same time interval; and where r is the distance to 
the star (i.e. the quantity that we are trying to find).* Now, although we can measure 
0, we have no hope of directly measuring the inaccessible distance s. So at first sight, 
this approach might appear to be of little help! 


But recall that we are able to measure not just 0, but the rate of change of 0—the 
change of angular position per year, for example. If you look back to equation 9 and 
Figure 15, you should be able to convince yourself that since it is the change in s that 
causes the change in 6, we can also write 


(rate of change of s) = r x (rate of change of 0) (10) 


or, since the rate of change of s is simply the ‘perpendicular’, or tangential speed of 
the star 


; tangential speed of star (in kilometres per second) 
r Gn km) - - (11) 
angular speed of star (in radians per second) 


* I am assuming here that any parallax motion has been allowed for. 
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2.4.3 


Since the angular speed can be measured (it’s just the proper motion expressed in 
appropriate units), r can be found if we can somehow find the tangential speed of the 
star. 


Unfortunately, it’s not at all obvious that this manoeuvring has got us any further 
forward, for how are we to determine this tangential speed? Well, there is a method, 
albeit a somewhat circuitous one. It requires, as a first step, that we measure the 
other component of the star’s motion, namely its radial speed, or speed along our 
line of sight. This measurement is discussed below. 


Measuring the radial speed 


It is relatively easy to determine the radial speed of a star—we can make use of the 
so-called Doppler effect. You are almost certain to have observed the fact that the 
pitch (frequency) of a police-car siren, or train whistle, is higher when the vehicle is 
approaching you than it is when the vehicle is moving away. You may find it helpful 
to visualize the situation as illustrated in Figure 16. The circles represent the crests 
of waves emitted by the source S. But because the source is moving to the left, the 
bigger circles, representing crests of waves emitted at earlier times, are centred on 
points to the right of the present position of S. The biggest circle is centred on the 
furthest point to the right, and represents the earliest wave-crest shown; the smallest 
circle (which as yet has zero diameter) is centred on the present position of S, and 
represents the wave-crest currently being produced. An observer at point O, sees 
the source coming towards him; he detects ‘squashed-up’ waves, i.e. waves with a 
shorter wavelength and therefore a higher frequency. An observer at O, sees the 
source receding; he detects ‘stretched-out’ waves, i.e. waves with a longer wavelength 
and lower frequency. At positions O, and O4, at approximately 90 degrees to the 
direction of movement of the source, the wavelength is unchanged. 


O; 


O, O, 


This effect is general for all wave motions—light waves as well as sound waves. So 
by observing by how much the light from a star is shifted towards the blue (short 
wavelength) end, or red (long wavelength) end of the spectrum, we can determine 
at what speed the star is approaching, or receding, from us. Of course, we need to do 
this in such a way that we have some measure of what the star’s light would have 
been like had the star been stationary with respect to us. This is achieved by comparing 
the absorption lines, produced in the star’s spectrum by various chemical elements, 
with a laboratory-produced reference spectrum of lines.* The line shift, and hence 


* We shall be discussing the origin of these characteristic spectral lines in much more detail 
in Units 13-15. Note that the lines in the reference spectrum need not be identical to the 
lines in the star’s spectrum. The reference is merely used to calibrate (i.e. attach a wavelength 
scale to) the star spectrum. The lines in the star’s spectrum are identified by studying the way 
in which they group together. 
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radial speed 


Doppler effect 


Figure 16 Visualizing the Doppler 
effect. As the source S moves to the 
left, the waves are compressed in the 
direction of O, and expanded in the 
direction of O,. Hence an observer at 
O, sees shorter wavelength (bluer) light, 
while an observer at O, sees longer 
wavelength (redder) light. Note that, 
although the source is shown here 
moving with respect to fixed observers, 
any relative motion between the source 
and observer will give rise to the 
Doppler effect. 


absorption lines 
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2.4.5 


the wavelength shift, is then easily measured (see Figure 17). 


+— red 


laboratory reference spectrum 
_ Star approaching 


_. Star receding 


laboratory reference spectrum 


Figure 17 The light emitted by a star is composed primarily of a continuous spectrum of 
radiation at all wavelengths. However, certain chemical elements in the star’s atmosphere 
can absorb some of this light at specific characteristic wavelengths, and then re-emit it in all 
directions. The result is a /ine absorption spectrum—a bright background crossed with dark 
lines. By comparing this with a laboratory-produced, calibrated line emission spectrum (often 
the very rich spectrum of iron), the degree of wavelength shift caused by the Doppler effect 
can be measured. A very dramatic demonstration of this Doppler shift is provided by some 
binary star systems (two stars orbiting about each other). The example here shows the spec- 
trum of one of the stars in the binary system « Geminorum. When the star is moving towards 
us in its orbit, the spectrum is shifted to the blue; when it is receding, the spectrum is shifted 
to the red. 


Deducing the tangential speed 


The beauty of the Doppler effect technique is that it does give us an absolute value 
for the star’s radial speed, quite independently of the star’s distance from us. Even 
so, it is not at all clear that a knowledge of this radial speed will be of any value in 
helping us to find the quantity we really require—the tangential speed. In general, 
of course, the relative motion of a star will be neither solely in the radial direction, 
nor solely in the tangential direction, but rather in some intermediate direction. It 
follows, therefore, that the star’s velocity in this intermediate direction can be thought 
of as a combination of the speeds in the mutually perpendicular radial and tangential 
directions. This is shown in Figure 18.* 


Now although Figure 18 has been drawn as though both the radial and tangential 
speeds (and hence the actual space velocity) are known, in reality we only know the 
value of the radial speed. Can we find the tangential speed from this? The answer is 
yes, if we can but find just one other item of information—the direction of the true 
space motion. (Note that it is not necessary for us to know the speed as well.) Suppose, 
just for a moment, that this direction can be, and has been, found. How then would 
we find the tangential speed? 


Look at Figure 19. The length of the line representing the radial speed of the star is 
drawn proportional to its known value. Then a line indicating the direction (only) 
of the true space velocity is marked in. Suppose this line makes an angle « with the 
line of sight. 


ITQ 7 Can you now see how to determine the tangential speed? Remember 
that the tangential component is at right angles to the line of sight. 


So, if the radial speed is known, and the direction of the true space motion is known, 
the tangential speed can be found from the equation 


tangential speed = radial speed x tan « (12) 


Incidentally, notice that the two-dimensional argument used in Figures 18 and 19 is 
quite general. It is always possible to find a plane that passes through the line of 
sight to the star and the line representing the direction of the true space motion (no 
matter what this motion’s orientation relative to the line of sight is). In Figures 18 
and 19, this plane has been drawn to coincide with the plane of the paper. 


The direction of motion of a moving-cluster 


All this is very well, but everything does rather rest on the supposition that we can 
determine the direction of the true space motion. How is this done? In fact, the 


* This technique of breaking down a velocity into its two perpendicular components is one 
of the concepts you will be looking at in detail in Unit 2. 
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Figure 18 The true space velocity of a 
star relative to the Sun can be thought 
of as being made up of two mutually 
perpendicular components—the radial 
speed, and the tangential speed. In 
general, only the radial speed is known. 
How can we find the tangential speed? 


\ 


direction of a 
true space motion radial speed 
(assumed known) of star 


Figure 19 Draw a line, along the line 
of sight to the star, with a length pro- 
portional to the radial speed of the star. 
Mark in the direction of the true space 
motion, assuming that it is known to be 
at an angle « to the line of sight to the 
star. Now deduce the star’s tangential 
speed. 


problem is by no means simple, and its solution, which is both imaginative and 
ingenious, demonstrates once again the important role that creative thinking, and 
bright, even if sometimes unconventional, ideas can play in the development of 
science. 


The trick is to notice that a collection of objects (say a flock of birds) all at about the 
same distance, and all travelling in the same direction, exhibits a kind of temporal 
perspective effect; the collection appears to be either converging on, or diverging 
from, a single point, depending respectively on whether the motion is away from, or 
towards us (see Figure 20). You may also have noticed the same effect when travelling 
along a straight motorway lined with trees or telegraph poles. The trees (or poles) 
in front of you appear to be diverging from a point ahead; those behind you appear 
to be converging on a distant point. 


6 min 
ago 


(b) 

Figure 20 (a) A flock of birds, flying in a general direction towards us, exhibits a kind of 
perspective effect whereby the flock appears to be diverging from a point in the distance. The 
exact direction of motion of the birds relative to us can be found by determining this point 
of divergence. If the motion is away from us, the birds appear to be converging on the distant 
point. 

(b) This same perspective effect is observed in a long time exposure photograph of a meteor 
shower. The meteors are really all travelling in the same direction. 


Well, it turns out that this same idea can be used for the stars. We know from our 
detailed telescopic observation of the night sky that it is quite common for stars to be 
grouped together into large stellar clusters. If we can find a cluster that is noticeably 
moving, as a whole, relative to the Sun (that is, all the members of the cluster are 
moving together in the same direction through space), then we have the astronomical 
equivalent of the flock of birds! 


Such star clusters have been found, and one in particular, the Hyades cluster (Figure 
21a) has been studied extensively. The individual stars in this cluster have all been 
found to have more or less the same radial speed (determined from the Doppler 


stellar clusters 


Hyades cluster 
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shift in their spectra), and proper motions all of more or less the same magnitude. 
(Both these pieces of information help confirm that a particular star is genuinely a 
member of the cluster, and not just a star that merely happens to occupy the same 
angular position in the sky.) However, the directions of the proper motions are all 
slightly different. This is the ‘perspective effect’ at work. So to find the true direction 
of motion of the cluster, we must determine the average convergent point of these 
proper motions. This is illustrated in Figure 21b.* 


By combining this measurement of the convergent point for the Hyades cluster with 
measurements of its proper motion and radial speed, it has been possible to calculate 
the cluster’s average distance from the Sun. It has been found to be 36.8 pc, or 120 
light-years. As you will see later, this particular measurement has been of great 
importance in providing a link between the geometrical parallax method of distance 
determination, and the rather less secure statistical methods that I shall be discussing 
in the next couple of Sections. 


Résumé 


The moving-cluster method of distance measurement is rather more complicated 
than the parallax method, so it is worth pausing for a moment to summarize the 
main steps in the argument. They are as follows: 


Step 1 Find the proper motion of the star (i.e. the motion across the line of sight) 
in angular units per year. 


Step 2 Use the Doppler effect to find the radial speed (i.e. the speed along the line 
of sight) in absolute units, e.g. km/s. 


Step 3 Use the ‘perspective effect’ on a moving cluster of stars to determine the 
true direction of motion relative to the Sun. 


Step 4 From the information provided by Steps 2 and 3, calculate the tangential 
speed (in absolute units) of an ‘average’ star in the cluster, from the formula 


tangential speed = radial speed x tan « (eq. 12) 


Step 5 Now find r, the distance to the star cluster, by comparing the tangential 
speed in absolute units, with the proper motion in angular units. The formula 
for this last step is 


: tangential speed (in kilometres/second) 
r (in km) = - - (eq. 11) 
angular speed (in radians/second) 


* Don’t worry about the exact mechanism by which we get from the convergent point to the 
direction of motion of the cluster (i.e. to the angle «); I only want you to understand the 
principle of the method. The technical details, which involve having to project the convergent 
point onto the ‘galactic sphere’ in order to determine its celestial coordinates, are too compli- 
cated to deal with here. 
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2.5.1 


ITQ 8 Is it true to say that the proper motions of the stars in a moving- 
cluster of stars will all be identical? 


ITQ 9 A particular star in a stellar cluster has a measured proper motion of 
1.0 x 1076 radians/year (equivalent to about 0.21 seconds of arc/year). In 
addition, the amount by which its spectrum is Doppler-shifted to the red 
indicates that the star has a radial speed of 98 km/s. (Assume 1 pc/year = 
9.8 x 10° km/s.) Determination of the convergent point of the cluster (by 
means of the perspective effect) leads to the conclusion that this star’s true 
space motion is at an angle of 31.0 degrees to the present line of sight to the 
star. Calculate (a) the star’s tangential speed (in pc/year), and (b) the star’s 
distance from the Sun (in parsecs). 


Although this moving-cluster method can furnish distance information beyond the 
range where parallax methods become inaccurate, it too breaks down at distances 
beyond about 150 pc (roughly 500 light-years); this is because the proper motions 
eventually become too small to be measured accurately in a reasonable number of 
years. Furthermore, the method is restricted to moving clusters of stars—a somewhat 
limited class! If we are to extend our distance measurements to deeper regions of 
space, then we must look for other methods. 


The colour-luminosity correlation 


Many other methods of determining stellar distances have been devised by astrono- 
mers—some more useful than others. But they all have one thing in common—they 
all use statistical reasoning. For instance, some methods attempt to make use of 
average properties of stars; others search for correlations between the properties.* 
But of all these various statistical techniques, two are perhaps rather more important 
than the others in their ability to extend our range of distance measurement. These 
are the colour—luminosity correlation method (sometimes called the method of 
spectroscopic parallax), and the period—luminosity correlation method (applied to 
variable stars). We shall look briefly at these two techniques in turn. 


Relating temperature to colour 


You know from your everyday experience that objects glow when heated to very 
high temperatures,t and that the colour of the light emitted depends on exactly how 
high the temperature is. Very hot objects glow with a bright white-yellow light; 
moderately hot objects are orange-red in colour; still cooler objects glow a dull red 
(see Figure 22). At even lower temperatures than this, the object does not glow at all, 
yet it still radiates a large amount of energy as infra-red radiation (heat). 


Over the years, scientists have made many detailed laboratory measurements of the 
relationship between the temperature of such objects and the amount of energy they 
radiate at different wavelengths (i.e. their energy spectra). They have found two main 
things of interest. First, the basic shape of the energy spectrum is more or less the 
same (apart from a scaling factor) at all temperatures; it’s a kind of skewed bell-like 
curve, falling off gently on the long wavelength side of the peak, but much more 
steeply on the short wavelength side (see Figure 23). And second, as the temperature 
of the object is increased the peak of the energy spectrum is shifted to shorter wave- 
lengths. In addition to investigating this phenomenon experimentally, physicists 
have also sought to find a theoretical explanation of the shape of the radiation 
spectrum. With the development of quantum theory this has become possible. We 
can now calculate very precisely the idealized theoretical shape of the spectrum for 
any given temperature. The excellence of the agreement between theory and measure- 
ment is shown in Figure 23. The idealized form of the radiation spectrum described 
by a curve such as that in Figure 23 is given the technical name of a black-body 
radiation spectrum. 


* A correlation between two variable quantities indicates that the quantities are inter- 
dependent in some way. However, the relationship between these quantities need not 
necessarily be an exact one—it may hold true only within statistically significant limits. 


+ Think of the ‘red-hot’ poker that has been left in the fire, the tungsten filament in an electric 
light bulb, the element in an electric bar-radiator, or the ‘hot plate’ rings on an electric cooker. 
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Figure 23 The measured radiation 
(circles) from an object at 1 600K 
(kelvins) compared with the theoretically 
predicted curve (solid line) for this 
temperature. 

One nanometre is 10~? m, and visible 
light extends from about 360nm (violet) 
to about 700 nm (red). One kelvin is the 
same size as one degree Celsius (or 
Centigrade); the two temperature 

scales have different zeros, however. The 
relationship between them is 0 °C = 273K, 
i.e. —273°C = OK. Temperature is 
discussed in detail in Unit 11. 


Figure 24 The lower the surface tem- 
perature of a star, the more the radiation 
peak is shifted to longer wavelengths. 
Sirius (a) has its peak in the ultra-violet; 
our own Sun (b) peaks in the visible; 
Barnard’s star (c) with a surface tem- 
perature of about 3000 K, has the peak 
of its radiation curve in the infra-red. 
(Note, incidentally, that the relative 
intensity axes in (a), (b) and (c) are not 
drawn to the same scale.) 


2.5.2 


2.5.3 


The colour of starlight 


Now, when the stars are analysed in terms of the balance of colours in their radiation 
spectra, it is found that they behave in much the same way as the heated objects 
described above. Some stars appear bluish in colour, others are more yellow, while 
still others have a distinct reddish appearance. Since the predominant colour of a 
star is, to a large extent, determined by the position of the peak of its radiation curve, 
it follows that different coloured stars must have different surface temperatures. 
Figure 24 shows. the radiation curves (neglecting the absorption lines discussed in 
Figure 17 of Section 2.4.3) of three different stars: Sirius, with a surface temperature 
of about 9 500 K; our own Sun, with a temperature of almost 6 000 K ; and Barnard’s 
star with a temperature of roughly 3 000 K. 


ITQ 10 A certain star has a spectral radiation curve which peaks at a 
wavelength of 600 nm. Estimate the surface temperature of the star in kelvins. 
Would a star with a surface temperature of 4000 K appear redder or bluer 
than this first star? 


Relating colour to luminosity 


Astronomers seized on this ‘colour analysis’ (retining it over the years so as to take 
into account the differences between the superimposed absorption lines as well) as 
another way of classifying stars. As they accumulated more and more data, they 
began to discover an interesting fact. They began to find an apparent relationship—a 
correlation—between the colour of the star, and the star’s absolute luminosity. Now 
as I pointed out in Section 2.1, we do not measure absolute luminosities—we measure 
apparent luminosities. Two stars with identical apparent luminosities may well have 
completely different absolute luminosities because they are different distances away 
from us. (Recall that the intensity falls off as the inverse square of the distance.) But 
if we know the distance—say from a parallax measurement—then we can work 
backwards, from the measured apparent luminosity to a calculated absolute lumi- 
nosity. And we do know the distance pretty accurately for stars up to 20 pc or so away! 


Figure 25a shows what happens when we plot colour (or temperature) against 
absolute luminosity for stars up to about 3 pc (10 light-years) away. Note where the 
three stars just discussed (Sirius, our Sun and Barnard’s star) are positioned on this 
plot. Figure 25b shows the range extended to about 6 pc (20 light-years). There are 
now 90 stars (including the Sun) within this distance, and the tendency for these stars 
to cluster along a line, rather than be randomly scattered about the graph, is very 
noticeable. There is clearly a correlation between a star’s absolute luminosity and its 
colour; the hotter, bluer stars are more luminous than the cooler, redder stars. 
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Figure 25 Plots of a star’s absolute 
luminosity (relative to the Sun’s 
luminosity) against its temperature for 
(a) all stars within 3 pe of the Sun, and 
(b) all stars within 6 pc of the Sun. Most 
of the stars show a correlation between 
luminosity and temperature. (Note that 
both axes have logarithmic scales.) 
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Figure 30 (a) The Great Nebula in Orion 
(M42 or NGC 1976) is a cloud of luminous 
gas, in our own Milky Way Galaxy, in which 
new Stars are thought to be forming. 


(b) The Great Galaxy in Andromeda (M31 or 
NGC 224) is a spiral galaxy similar to our 
own; it is about 30 kpc in diameter, and 
roughly 650 kpc away. (1 kpc = 1 kiloparsec 
= 10° pc.) 


The Messier catalogue and the NGC listed 
luminous gas clouds alongside star-clusters 
and complete galaxies under the collective 
heading of ‘nebulae’. 


Figure 12 With a large, modern telescope, 
thousands of millions of stars are visible. 
This photograph, taken through one of the 
telescopes at the Hale Observatory, 
California, shows part of the sky in the 
region of the constellation Cygnus. (The 
concentration of reddish material in the low 
left of the photograph is known as the Nort 
America nebula.) 


Figure 22 Four identical balls of metal heated to different temperatures. The temperature decreases 
from left to right, the white-hot ball on the left having the highest temperature, the dull-red ball on the 
right the lowest temperature. 


Figure 27 The Large (left) and Small (right) Magellanic Clouds. 


2.6 


This correlation seems to suggest a sort of ‘family relationship’ between these 
stars. What might the common factor be that gives them their family unity? And 
might this factor provide clues towards an understanding of how stars in our Universe 
evolve? And what about those few apparent exceptions to the correlation rule, down 
in the bottom left-hand corner of Figure 25b? They seem to be following a trend of 
their own. Could it be that they belong to a different family grouping, and if so, then 
what significance does that have for our understanding of stellar evolution? These 
are far-reaching questions, which are really beyond the scope of this particular Unit. 
However, we will take up some of them in a little bit more detail in TV programme 1. 
We shall also glance backwards to a few of these ideas in the last Unit of the Course, 
where we will be discussing, among other things, the physics of some of these rather 
exotic stars. 


In the meantime, we simply take the colour—luminosity correlation as an empirical 
fact and make use of it. For if we assume the correlation can be extended to stars that 
are further away than 20 pc or so, then we have found another method of estimating 
stellar distances. We simply have to measure the colour spectrum of a given star, use 
the correlation to convert this to an equivalent absolute luminosity for the star, and 
then by comparing this ‘calculated’ absolute luminosity with the measured apparent 
luminosity determine the distance to the star using the inverse-square law relation. 


ITQ 11 Two stars, A and B, have spectra that indicate their surface tempera- 
tures are 8000K and 4000 K respectively. The two stars, however, have 
identical apparent luminosities. Assuming that both stars fit the colour— 
luminosity correlation shown in Figure 25, estimate how many times further 
from the Sun star A is than star B (i.e. estimate the ratio of the Sun-star A 
distance to the Sun-star B distance). 


Over the years, this technique has been modified to incorporate the other ‘family 
relationships’ that appear on the luminosity—temperature plot; this has made the 
method even more versatile. Furthermore, it is now possible to calibrate the cor- 
relations to a high degree of accuracy by using (principally) the moving-cluster 
method applied to the Hyades. As a result, we are now able to use this correlation 
technique to determine stellar distances to better than about + 15 per cent. What is 
more, the accuracy margin is about + 15 per cent irrespective of stellar distance. 
This is quite unlike the parallax method; there, because the uncertainty was typically 
a constant + 0.005 seconds of arc, the percentage error increased with the distance, 
reaching +15 per cent at about 30 pc. Consequently, parallax is now the most 
favoured method for distances less than 30 pc, whereas the colour—luminosity 
correlation is used for distances between about 30 pc and 5 x 10* pc, this upper 
limit being the distance beyond which the stars become too faint to be accurately 
analysed. 


Variable stars and the period-luminosity correlation 


The other correlation technique that has been of great importance in enabling us to 
extend our range of distance measurement—in this case, bridging the gap between 
stars in our own galaxy and stars in neighbouring galaxies*—is one that relates the 
mean-luminosity level of so-called Cepheid variable stars to their period of luminous 
variation. Because we know (from rock and fossil evidence on the Earth) that the 
Sun has been emitting energy at a more or less constant rate for thousands of millions 
of years, it is tempting to think that all stars behave in this way—that all stars have 
approximately constant luminosity. Certainly, for the vast majority of stars, this is 
perfectly true. However, there do exist a few exceptions; some stars have a luminosity 
that varies noticeably with time. In 1784, the astronomer John Goodricke noticed 
that the star 6 Cephei (that is, star delta in the constellation Cepheus) not only 
varied with time, but varied periodically with time. The star was pulsating with a 
period of 5.37 days (see Figure 26). Since Goodricke’s day, we have found many more 
stars that behave like this—well over 10 000 are now known—with periodic times 
ranging from 1 or 2 days to over 100 days. Such stars are now called Cepheid variables, 
after 6 Cephei.t 


* I shall be discussing galaxies and galactic distances in Section 3. The diameter of our own 
Galaxy is generally reckoned to be about 3 x 10* pc. 


+ The nearest Cepheid variable (though you were probably unaware that it was such a star) 
is the North star or Pole star. Its luminosity varies by about 9°% over a period of about 4 days. 
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Now, although these stars have been known about for almost two centuries, it was 
not until the beginning of this century that great numbers of astronomers began to 
take a renewed interest in them. Their interest was prompted by a remarkable 
discovery made in 1912 by Henrietta Leavitt, an astronomer from the Harvard 
College Observatory, working in South Africa. She was observing the southern 
skies, and in particular was studying the two great ‘clouds’ of stars known as the 
Magellanic Clouds (Figure 27), both of which contained large numbers of Cepheid 
variables. She did not know the distance of either of these clouds, but nevertheless 
she felt it was safe to assume that the stars in any one cloud were all more or less the 
same distance away from us. That is, she assumed that the size of the cloud was 
negligible compared with its distance. Now this has an important consequence. You 
remember from Section 2.1 that the absolute luminosity of a star is related to its 
apparent luminosity through the inverse-square law. But if several stars are all at the 
same distance, then the inverse-square law factor will be the same for all those stars, 
and a measurement of their relative apparent luminosities will be equivalent to a 
measurement of their relative absolute luminosities. When Leavitt measured the 
mean-luminosity of any one of the Cepheids in the Small Magellanic Cloud, and com- 
pared it with its period of variation, she found a definite correlation: the longer the 
period, the greater the mean-luminosity. This correlation is shown in F igure 28. As 
you can see, mean-luminosities (both absolute and apparent) of these stars span a 
range of just over a factor of 100, as the periods of variation range from roughly 1 
to 100 days. 
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Figure 28 The period—luminosity relationship for Cepheid variable stars. Note that both 
axes are plotted on a logarithmic scale in order to obtain a straight-line relationship. The 
mean-luminosity referred to on the vertical axis corresponds to the average value of the 
fluctuating light output. (This diagram is actually based on modern data for the Small 
Magellanic Cloud.) 


ITQ 12 Two Cepheid variable stars are located in the Small Magellanic 
Cloud. One is found to have a period of variation of 100 days, the other a 
period of 3 days. Using the relationship of Figure 28, estimate how many 
times more luminous (on average) the first Cepheid really is than the second. 
Can you deduce how many times more luminous the first Cepheid would 
appear to be (on average)? 
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Figure 26 The periodic variation in 
light output for the star 6 Cephei. The 
apparent luminosity changes by a factor 
of almost two in a periodic time of 5.37 
days. (Note that the apparent luminosity 
is plotted on a logarithmic scale.) 


Figure 27 The Large and Small 
Magellanic Clouds, visible from the 
southern hemisphere, both contain a 
large number of Cepheid variable stars. 
We now know that these clouds are not 
simply clusters of stars in our own 
galaxy, but separate galaxies in their 
own right. They are our nearest- 
neighbour galaxies, both approximately 
50 000 pe away. You can see these two 
clouds in greater detail in the colour 
plate between pp. 25 and 26. 
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Unfortunately, because Leavitt did not know the distance to the Small Magellanic 
Cloud, she couldn’t put ‘absolute numbers’ to the luminosity scale; all she could say 
was that the brightest Cepheid in the Cloud was just over 100 times as luminous as the 
faintest Cepheid. However, Leavitt’s fellow Harvard College astronomer, Harlow 
Shapley, was quick to realize that if the distance to, and hence the absolute luminosity 
of, any one Cepheid could be determined in an independent way, then the whole 
period—luminosity relation could be calibrated for all the Cepheids. Furthermore, 
if it were reasonable to assume that Cepheid variables anywhere else in the sky were 
like the Cepheids in the Magellanic Cloud, (and the similarity in the periodic shape 
of the light curves of the different Cepheids suggested that such an assumption was 
reasonable), then the calibrated period—luminosity relationship could be used as 
another technique for determining stellar distances. The procedure would thus be: 


(i) locate a Cepheid and measure its period of variation, 


(ii) use the calibrated period—luminosity relationship to determine the star’s 
absolute mean-luminosity, 


(iii) measure the Cepheid’s apparent mean-luminosity, and 


(iv) use the inverse-square law, together with the ratio of the absolute to apparent 
mean-luminosity, in order to determine the distance. 


The problem was that, in those days, the best techniques available for independently 
determining the distance to even the nearest known Cepheids (the Pole star is over 
200 pe away) were statistical techniques that were not very reliable. In the 1950s 
however, Cepheid variables were discovered in some of the star clusters in our own 
Galaxy. Hence, finding the distance to the cluster would automatically give the 
distance to the Cepheid. Nowadays, the distances of these clusters are found by the 
colour—luminosity correlation method, and the colour—luminosity correlation is, in 
turn, calibrated by the moving-cluster method applied to the Hyades (see the end of 
Section 2.5). You can now see the importance of the bridging role played by the 
moving-cluster technique. 


There are two factors that complicate the period—luminosity method of finding 
stellar distances. The first is that the correlation ‘line’ shown in Figure 28 is actually 
a fairly broad band. Although part of this spread is probably due to the inadequacies 
of our measuring techniques, we suspect that the major part of it is caused by a 
natural inherent variation from star to star. This clearly imposes an upper limit to the 
accuracy of the technique. The other complication is, in its own way, much more 
dramatic! As more and more Cepheid variables were studied, it gradually became 
clear that there were really two types of Cepheid stars, each type having its own 
characteristic period—luminosity relationship. These two classes of Cepheids are 
now called Type I (or classical) Cepheids and Type II Cepheids (see Figure 29). It 
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is possible for either type of Cepheid to be used for distance measurements, but of 
course, we must know which type is being observed on any one occasion in order 
that the correct period—luminosity relation can be employed. When Cepheids were 
first used for measuring distances, this distinction between Type I and Type II stars 
was not known. This led astronomers to misapply the period—luminosity relationship 
in such a way that it gave distances that were always too small. Once the mistake had 
been discovered and corrected, our estimate of extragalactic distances, and hence 
also of the size of the universe, was doubled! 
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Type I and Type II Cepheids 


Figure 29 There are actually two kinds 
of Cepheid variable stars, each with its 
own period—luminosity relationship. 
The absolute mean-luminosities are 
quoted here in units of the Sun’s 
luminosity. Note that absolute mean- 
luminosities of the Cepheids range from 
about 350 times to about 65 000 times 
the absolute luminosity of the Sun. 
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Summary of the main ideas in Section 2 


The most direct way of measuring a star’s distance is to measure its parallax, i.e. the 
difference in its angular position (observed against a background of distant stars) 
when measured from two locations a distance of one Earth’s orbital radius (1 au) 
apart. Distances found in this way are most conveniently expressed in units of parsecs, 
where one parsec is the distance over which the astronomical parallax would be one 
second of arc. An alternative unit of astronomical distance is the light-year (i.e. the 
distance light travels in one year, in a vacuum). One parsec is approximately equal to 
3.26 light-years. The parallax technique is only used for distances up to about 30 pc. 
At this distance the uncertainty in the measurement is of the order of + 15 per cent. 


It is often assumed when making planetary observations that the stars occupy fixed 
positions in space. However, this is only an approximation; all the stars are moving 
with respect to the Sun (our ‘local’ star). This motion is observed as a cumulative 
movement of the stars perpendicular to our line of sight. The observed angular rate 
of change of position of a star (usually expressed in seconds of arc per year) is called 
the star’s proper motion. 


The radial speed of a star can be determined directly by measuring the Doppler shift 
of the lines in its spectrum. A red shift indicates a receding star—a blue shift an 
approaching star. 


The tangential speed of a star (in linear units, e.g. km/s) cannot be found directly. 
However, since the tangential speed is equal to the product of the star’s proper motion 
(expressed in appropriate units) and its distance, any indirect measure of the tan- 
gential speed would enable the star’s distance to be determined. It is possible to 
deduce a star’s tangential speed if both its radial speed and its true direction of motion 
in space are known. The moving-cluster method is a technique that enables us to find 
the true direction of motion of a moving cluster of stars by looking for the apparent 
convergent point of their proper motions. (This convergent point is a consequence of 
the observed perspective effect resulting from the ‘parallel’ motion of the individual 
members of the cluster.) The moving-cluster method can be used for distances up to 
about 150 pc. 


If stars all had the same absolute (intrinsic) luminosity, then the ratio of their apparent 
luminosities would be inversely proportional to the square of their distance from us. 
Unfortunately, stars do not all have the same absolute luminosity. However, there 
does appear to be a correlation between a star’s ‘colour’ (or more precisely its black- 
body radiation spectrum) and its absolute luminosity. This colour—luminosity cor- 
relation can be used in conjunction with the inverse-square law to estimate a star’s 
distance. The uncertainty in the distance measurement using this technique is 
approximately + 15 per cent irrespective of distance. For this reason, this technique 
‘takes over’ from the parallax technique for distances beyond about 30 pc. It can be 
used out to distances of about 5 x 10* pc. 


To extend the distance scale still further, another correlation technique is used. 
Cepheid variable stars exhibit an apparent relationship between their period of 
variation and their absolute mean-luminosity. So, by using this period—luminosity 
correlation in conjunction, once again, with the inverse-square law, it is possible to 
find the distance to the Cepheid. This technique is used to ‘bridge the distance gap’ 
between stars in our Galaxy and stars in neighbouring galaxies (see the next Section). 
It is useful for distances ranging from a few thousand parsecs to a few million parsecs. 


Self-assessment questions for Section 2 


SAQ 4 The star « Centauri A is known to have an absolute (intrinsic) luminosity 
approximately 1.2 times greater than the Sun’s absolute luminosity. But « Centauri’s 
apparent luminosity is 6.3 x 10*° times smaller than the Sun’s apparent luminosity. 
Calculate the distance of « Centauri A (a) in astronomical units, and (b) in parsecs. 
(1 pe = 2.06 x 10° au.) 


SAQ 5 The star Vega, in the constellation of Lyra, has a parallax of 0.124 seconds 
of arc, or 6.01 x 1077 radians. What is the distance of this star (a) in parsecs, and 
(b) in astronomical units. 


SAQ 6 Barnard’s star has a parallax of 0.56 seconds of arc, and a proper motion 
of 10.5 seconds of arc per year. Calculate the star’s tangential speed relative to the 
Sun, in units of km s~! (1 pc/year ~ 9.8 x 10° km/s). 
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SAQ 7 If the spectrum of Barnard’s star is Doppler-shifted towards the blue by 
an amount that indicates that the star’s radial speed is 110 km s~ +, calculate 


(a) the magnitude of the star’s true space velocity relative to the Sun, and 


(b) the angle at which this motion proceeds relative to the line of sight to the star. 
(Use the value of tangential speed calculated in SAQ 6.) 


SAQ 8 The star Altair (in the constellation of Aquila) has a spectrum indicating 
that it has a surface temperature of about 8 000 K. 


(a) Assuming that the colour—luminosity relation shown in Figure 25 can be applied 
to this star, estimate its absolute luminosity relative to that of the Sun. 


(b) If Altair’s apparent luminosity is 1.05 x 101! times smaller than the Sun’s 
apparent luminosity, estimate Altair’s distance in both astronomical units and 
parsecs. 


SAQ 9 A star has an apparent luminosity 4 x 10'? times smaller than the Sun’s 
apparent luminosity. It is known from parallax measurements that the star is 
9.7 pe (i.e. 2.0 x 10° au) away from the Earth. The star’s spectrum is identical to that 
of the Sun. Does this star support the colour—luminosity correlation shown in 
Figure 25 or not? 


SAQ 10 Cepheid variable A has a period of 7 days, and variable B a period of 50 
days. The apparent luminosities of the two stars are the same. Knowing that Cepheid 
A is 250 pe away, and assuming that the correlation of Figure 28 can be applied to 
both the Cepheids, estimate roughly the distance of Cepheid B. 


Galaxies 


Do other galaxies exist? 


Perhaps one of the biggest steps forward in astronomy this century came with the 
discovery that the system of stars in which we find ourselves—the so-called Milky 
Way Galaxy—is in no way unique. The universe is composed of billions of similar 
galaxies, each one of which is a separate star system in its own right made up of an 
enormous number of individual stars. During the 19th century and the first couple 
of decades of the 20th century, however, this picture was not generally accepted. It 
had long been known that many objects in the sky—even when viewed through 
powerful telescopes—appeared diffuse or cloudy, instead of having the point-like 
appearance of individual stars. But the majority view had always been that these 
diffuse objects were clouds, perhaps dust or gas clouds, within our local system of 
stars. Indeed, in 1784 the Frenchman, Messier, made a catalogue of over 100 of these 
diffuse objects; he called them all nebulae (the Latin for clouds). A more extensive 
catalogue of nebulae, the New General Catalogue or NGC, was made by Dreyer in 
1887.* This also listed ‘nebulae’ such as the Orion nebula (Figure 30a), now known 
to be genuinely a cloud of luminous gas in our own galaxy, alongside such objects 
as the so-called ‘Andromeda nebula’ (Figure 30b), which is really another complete 
galaxy, quite distinct from our own. Figure 30 is in colour between pp. 25 and 26. 


The idea that some of these diffuse objects might be separate star systems well 
outside our own local system—‘island universes’ as they were then called—did have 
its advocates. But if they were to substantiate their viewpoint, they needed to measure 
the distance to some of these supposed extragalactic objects and show that they were 
much further away than had previously been believed. Unfortunately, such distance 
measurements were difficult to obtain; none of the objects had measurable parallaxes, 
and there was heated debate over whether some of the claimed values of proper 
motion were more likely to have resulted from observational inaccuracies, rather 
than from genuine shifts of position of the objects. 


* The Messier catalogue and New General Catalogue are still very much in use today. Many 
‘diffuse objects’ are referred to by their positions in either, or both, of these catalogues. For 
instance, the so-called ‘Great’ globular cluster of stars in the constellation of Hercules is 
referred to either as M13 or NGC 6205. 


+ We now know that the values of proper motion were, indeed, grossly overestimated. 
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The matter was finally resolved in 1924 by the American astronomer, Edwin Hubble. 
Working with the new 100-inch telescope at the Mount Wilson Observatory in 
California, he found that he was able to resolve individual stars in the outer regions 
of M31, the diffuse object in Andromeda (see Figure 31). Furthermore, he discovered 
several Cepheid variables among these newly resolved stars, and so proceeded to 
measure their periodic variation in light output. Assuming that these Cepheids 
behaved in the same way as all other known Cepheids, he used the period—luminosity 
relation (discussed in Section 2.6) to determine their distance. The matter was 
then no longer in doubt—M31 was clearly well beyond even the largest estimated 
limit of our own Galaxy. Modern measurements now put M31 at a distance of about 
650 kpc (1 kpc = 1 kiloparsec = 10° pc) compared with about 30 kpc to the edge of 
our own Galaxy. In addition, measurements of the angular size of M31 show that 
if its distance is 650 kpc, then its diameter must be about 30 kpc. This makes it 
comparable in size with our own Galaxy, and enormously larger than the Orion 
nebula, which is a mere 5 pc in diameter! 


ITQ 13 What is the angular size of M31? 


Hubble went on to discover Cepheids in two other ‘nebulous’ objects (M33 and NGC 
822), and showed that these too were beyond our Milky Way Galaxy. In the years that 
followed, many of the diffuse objects in the Messier and New General catalogues.were 
shown to be separate star systems. We now refer to all such star systems as galaxies, 
and reserve the term nebulae for genuine clouds of dust or gas. 


Beyond the range of the Cepheids 


The Cepheid variables were ideal stars, in their way, for extending the distance range 
beyond the frontiers of our own Galaxy. For, as you saw in Figure 29, Cepheids are 
intrinsically very bright stars, ranging from about 350 times to about 60 000 times the 
absolute luminosity of the Sun; they can therefore be seen far out into space. But even 
stars of this brightness have their limitations. Beyond about 5 Mpc (1 Mpc = 1 
megaparsec = 10° pc) Cepheids become too faint to be used as ‘galactic yardsticks’, 
with the result that, of the billions of galaxies in the Universe, only 30 or so are close 
enough to have their distances determined in this way. 


The Cepheids, however, are not the brightest stars known. In our own Galaxy, the 
brightest, hottest, blue stars—sometimes called blue supergiants—have an absolute 
luminosity about 500000 times that of the Sun. Hubble suggested that perhaps 
these could be used to stretch the distance scale a bit further. He argued that, statis- 
tically speaking, it was not unreasonable to suppose that the brightest blue stars in 
one galaxy have the same absolute luminosity as the brightest blue stars in any other 
galaxy; in other words, that there is a fixed upper limit to the absolute luminosity 
that a star can have. 


Fortunately, Hubble could do more than just speculate—he could test his idea out 
on those galaxies for which he had already obtained reasonable distance estimates by 
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Figure 31 Photograph of an enlarged 
section of the southern outer regions 


of M31, the great galaxy in Andromeda 


(cf. Figure 30b). It is taken with a 100- 
inch telescope (i.e. a telescope with an 
effective aperture of 100 inches, or 
about 2.5 metres). Individual stars are 
clearly resolved in this outer part of the 
galaxy. 
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the Cepheid method. And sure enough, when he did, he found that the apparent 
luminosities of the brightest blue stars in each of the galaxies in his sample were (to 
within a factor of two or so) inversely proportional to the square of the distances of 
those galaxies—exactly as would be expected if the absolute luminosities were con- 
stant from galaxy to galaxy.* Emboldened by this confirmation of his idea, he 
proceeded to measure the apparent luminosities of the brightest stars in galaxies 
beyond the range of the Cepheids, and so compute their distance. In this way he 
managed to push the distance limit out to about 10 to 15 Mpc. 


ITQ 14 The brightest blue star in M31 (the Great galaxy in Andromeda) 
has an apparent luminosity approximately 50 times greater than the apparent 
luminosity of the brightest blue star in the galaxy M51 (the so-called ‘Whirlpool’ 
galaxy). Given that M31 is 650 kpc away, estimate the distance of M51. 


Several other statistical techniques have been devised to extend the distance range 
beyond that provided by the Cepheids. For example: 


(i) if the average size of luminous-gas regions is assumed to be the same in all 
galaxies, then galactic distances can be found by measuring the angular size of these 
regions; 

Gi) if exploding stars (supernovae) are assumed to reach the same peak intrinsic 
brightness on average, no matter where they are located, then galactic distances can 
be deduced from a comparison of the apparent peak luminosities of these supernovae; 


(iii) if the star clusters in different galaxies are assumed to have the same average 
intrinsic luminosities, then galactic distances can be found by comparing the average 
apparent luminosities of the clusters. 


These and other similar statistical techniques are all a bit risky. Nevertheless, by 
demanding a degree of consistency between the various different methods, it has been 
possible to obtain reasonably reliable extragalactic distance information. 


The large-scale structure of the Universe 


As more and more galaxies were identified, and as more of their distances were 
determined, it became possible to investigate the distribution of these galaxies in 
space. One of the first results of interest to emerge was the discovery that our Milky 
Way Galaxy is not isolated, but is a member of a group of galaxies. There are at 
least 16 other galaxies within about 700 kpc of the Milky Way (there may be others 
obscured by dust within our Galaxy), but hardly any galaxies between 700 kpc and 
2 Mpc. These 16 galaxies, together with the Milky Way, are now known as the Local 
Group of galaxies (see Figure 32). 


As the number of galaxies catalogued has increased, it has become obvious that such 
groupings, or clusters of galaxies, are extremely common. Some clusters contain only 
a few members, but several clusters have been found containing over 1 000 member 
galaxies! The Coma cluster, for instance, part of which is shown in Figure 33, is 
known to contain more than 2000 galaxies. Clusters like these have been very 
important (as you will see in the next Section) in extending the distance scale out to 
the very limits of the observable Universe. 


In recent years, astronomers have extended this structural analysis one step further. 
It now appears that there is evidence, albeit somewhat tentative, that clusters of 
galaxies may themselves be organized into superclusters, or supergalaxies (i.e. clusters 
of clusters), made up of perhaps 100 or so member clusters, and extending over 
perhaps 20 or 30 Mpc. On a larger scale than this, the Universe appears to be uniform. 


Perhaps you feel that knowledge of the structure of the Universe on this scale is 
rather unnecessary. Yet several scientists are currently trying to develop theories of 
the origin of galaxies, in an attempt to understand how the Universe has evolved 
and how it will evolve in the future. How can such theories be tested? Well clearly, 
one of the signs of a successful theory will be its ability to explain this observed 
structuring of stars into galaxies, galaxies into clusters, and clusters into super- 
clusters. And the more detail there is to explain the better the test will be! 


* We now believe there are also good theoretical reasons for accepting this assumption. The 
brightest stars are thought to be the most massive stars, and the upper limit to the mass that 
a star can acquire during its formation is probably about the same in all galaxies. 
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Galactic red shifts 


As you saw in Section 2.4.3, it is possible to determine the relative radial speed of an 
‘astronomical object’ (i.e. the speed along our line of sight) by measuring the Doppler 
wavelength shift of absorption lines in the spectrum of the object. In 1912, V. M. 
Slipher of the Lowell Observatory began to measure the Doppler shifts observed in 
the spectra of some of the diffuse nebulae listed in the Messier and New General 
catalogues. And when he did this, he obtained some rather remarkable results. He 
found that most of the nebulae he studied exhibited red shifts, not blue shifts, and he 
found that the size of the shifts indicated much larger radial speeds than had been 
found before. 


Do the red shifts indicate that the objects are moving away from, or towards, 
us? 


The wavelengths are ‘stretched out’, i.e. shifted towards the red, as an object 
moves away from us. Slipher’s observations suggested that most of the nebulae 
were receding at high speed. 


Many astronomers found these results hard to believe; the recessional speeds indi- 
cated by the red shifts seemed to be much too large to be correct. But then, at the time, 
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Figure 32 The Local Group of galaxies. 


It is not possible, of course, to show on 


paper the three-dimensional distribution 


of the galaxies in space. Here, our 16 
nearest-neighbour galaxies have been 
‘collapsed’ onto a plane, with our own 
Milky Way Galaxy shown at the centre 
of the distribution. Because of this, 
although the distances of the galaxies 
relative to the Milky Way are correctly 
represented here, the distances between 
galaxies are distorted. 


Figure 33 The Coma cluster is a cluster 


of more than 2000 galaxies in the 
constellation Coma Berenices. 


red shifts 
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it was generally believed that the nebulae were objects in our own Galaxy. When 
Hubble, in 1924, demonstrated that many of these nebulae were, in fact, outside our 
Galaxy—indeed, were galaxies in their own right—it became clear that many of the 
red shifts observed by Slipher were red shifts exhibited by whole galaxies. Hubble 
then had the idea that perhaps the large recessional speeds were correct after all, and 
that perhaps their magnitudes were somehow related to the fact that the distances 
involved were so large. So he set out to measure, as systematically as he could, the 
distances to those galaxies for which red shift measurements had been made. Where 
possible he used the Cepheid star method; where that was not feasible, he used the 
brightest blue star technique (see Section 3.2). By 1929, he thought he had collected 
enough data to support a generalization. He put forward the daring suggestion that 
the recessional speed of a galaxy is directly proportional to the distance of that galaxy 
from us. That is 


» = Hr (13) 


where v is the speed of recession of the galaxy, r is the distance of the galaxy, and H 
is a constant now known as the Hubble constant. Equation 13 has come to be known 
as Hubble’s law. 


In retrospect, we can see that Hubble was rather lucky with this suggestion. As you 
can see from Figure 34, his data points were quite widely scattered, and a couple of 
them even had negative recessional speeds (i.e. the spectra of these galaxies were blue 
shifted !). The problem was that Hubble was looking at relatively close galaxies, 
many of them in the Local Group. We now know that member galaxies within a 
group exhibit a kind of ‘internal motion’ relative to each other, and that, for nearby 
galaxies, this inter-group motion can swamp the effect of any general recessional 
motion. It’s for this reason that a couple of close galaxies show a blue shift in their 
spectra. 


Nevertheless, despite the crudeness of his data, Hubble felt sufficiently confident to 
predict that galaxies that were even more remote would show still larger red shifts, in 
proportion to their distance. So in collaboration with his fellow astronomer, Milton 
Humason, he set out to test this prediction. However, he faced a problem. Measuring 
the red shifts of distant galaxies, though technically tricky, and though requiring 
great care and patience, was in principle quite straightforward. But how was he to 
measure the distances of galaxies so far away that even with the largest telescopes 
available, individual stars could not be resolved? His solution was to resort once 
again to a statistical approach. He argued that whenever galaxies were conglomerated 
into reasonably large clusters, the ‘samples’ were statistically large enough to assume 
that the brightest galaxy in one cluster would have the same absolute luminosity as 
the brightest galaxy in any other cluster. Consequently, the apparent luminosity of 
the brightest galaxy in a cluster would be inversely proportional to the square of the 
distance of that cluster. If one ‘brightest’ galaxy were one quarter the apparent 
luminosity of another ‘brightest’ galaxy, then the cluster containing the first galaxy 
must be twice as far away as the cluster containing the second. Hence, in this way he 
would be able to determine the relative distances of the galaxies. 


This technique is still the basic method used today for large scale distance deter- 
minations. It is effective out to the limit of visibility of these brightest galaxies—a 
distance of just over 1 Gpe (1 gigaparsec = 10° pc), or getting on for 4.000 million 
light years! 


The result of this careful collaborative effort between Hubble and Humason, working 
on the brightest galaxies in ever more distant clusters, was a clear vindication of 
Hubble’s prediction. Data obtained by them are shown in Figure 35. The quoted 
relative distances of the clusters were found by applying the inverse-square law to the 
apparent luminosities. The speeds of recession were calculated from the red shifts.* 


ITQ 15 Demonstrate, using the graph paper of Figure 36, that recessional 
speed is proportional to distance for the five clusters of galaxies shown in 
Figure 35. What is the constant of proportionality? 


* As you can see, the recessional speed of the cluster of galaxies in Hydra is about one fifth 
the speed of light (remember c = 3 x 108 ms_'), that of the cluster in Bootes is about c/8, 
and so on. Because these speeds are so close to the speed of light, a relativistic form of the 
Doppler effect equation has to be used in these cases to correctly relate the wavelength shift 
to speed. You will be learning about the theory of special relativity in Unit 12. 
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Figure 34 The relationship, as published 
by Hubble in 1929, between the speed 

of recession of a galaxy (determined by 
measuring the red shift of the galaxy’s 
spectrum), and the distance of the galaxy. 
Note the large degree of scatter of the 
points, and also the two points with 
negative recessional speeds. 
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Figure 35 Photographs of the brightest individual galaxies in successively more distant 
clusters of galaxies, shown together with the observed red shift in the light from these 
galaxies. Comparison spectra are shown above and below each galaxy’s spectrum. The two 
dark absorption lines (which are actually two lines—called the H and K lines—in the spec- 
trum of calcium) are shifted further to the right as the galactic distance increases. The relative 
distances are determined by comparing the apparent luminosities of these brightest galaxies 
in the clusters. 


S271 UNIT 1 


recession in kilometres/second 


1150 


15500 


21700 


39400 


60500 


ee ee T T za Figure 36 Is v proportional to r for the 


five clusters shown in Figure 35? 


35 


3.5 


So, the data of Figure 35 clearly support the linear relationship between v and r; but 
in order to determine a value for the Hubble constant in absolute units, it is necessary 
to measure the distance to the Virgo cluster by some independent method. Un- 
fortunately this is not so easy. Hubble attempted the measurement using the brightest 
blue star method. But what he took to be the brightest star in the Virgo cluster 
eventually proved to be a region of luminous gas illuminated by several stars. He 
therefore underestimated the Virgo distance, thus making all the other distances too 
small, and so giving too large a value for the Hubble constant. 


Even today, there is a great deal of disagreement about this calibration, with the 
result that there is an uncertainty of about + 50 per cent in the value of H. One of the 
currently accepted best estimates for the value of the Hubble constant was put 
forward by Allan Sandage of the Hale Observatory in 1972. It gives 


H = 50 km s~ t per Mpc (to within 50 per cent) 


Figure 37 shows how v is related to r if this value of H is correct. It is also possible 
now to evaluate absolute distances for the clusters shown in Figure 35, using this 
value of H. These distances are given in Table 2. 
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Figure 37 The relationship between v and r assuming a value for H of 50km s` +/Mpc. 


The expanding Universe 


When Hubble made his suggestion that the recessional speeds of distant galaxies are 
proportional to their distances, he was well aware that he was implying that the 
Universe is expanding. In fact, it is possible to estimate an approximate age for the 
Universe, knowing the rate of expansion, by calculating that time in the past when all 
the galaxies would have been at the same point in space. Of course, to do this, we have 
to assume that the expansion rate has not changed with time.* This assumption is by 
no means necessarily valid. Some cosmological theories would have it that the rate 
of expansion is slowing down, perhaps so much so that the expansion will eventually 
stop completely and the Universe begin to contract again. As yet, we don’t know 
which idea is right; this is a problem that physicists are still grappling with today! 


Nevertheless, if we do make the tentative assumption that the expansion rate has 
always been the same, we can at least estimate an upper limit for the Universe’s age. 


* That is, we have to assume that galaxies have always been moving apart at their present 
speeds. 
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Table 2 Approximate distances to the 
clusters of galaxies shown in Figure 35 
assuming that H = 50 kms_' per Mpc. 


approximate distance 


cluster of galaxies = 
Moc millions of 


= light-years 
Virgo 23 75 
Ursa Major I 310 1 000 
Corona Borealis 430 1 400 
Bootes 790 2 600 
Hydra 1 200 4 000 


age of Universe 
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If you look closely at the dimensionst of H you will see that 1/H has the dimensions 
of time. It is this time that gives the age of the Universe. The reasoning is as follows. A 
Hubble constant of H = 50kms~'/Mpc tells us that objects 1 Mpc apart are 
separating at 50 km s™ +. Since 1 Mpc = 10° pc = 3 x 10!6 x 10° m (see equation 
7 in Section 2.2), it follows that objects 3 x 10°? metres apart are separating at 
50 km s~ +. If they have always been separating at this rate (?), then they must have 
been travelling for a time of (3 x 1077/50 x 10%) seconds, or 6 x 10!” seconds. Since 
there are approximately 3.2 x 107 seconds in 1 year, the age of the Universe must be 
about 20 thousand million years! 


Hubble’s law as a distance measuring device 


As I pointed out in Section 3.4, the ‘brightest galaxy’ method of distance measurement 
can only be used out to about 1 Gpe. Is there any way of measuring distances greater 
than this? At the present, the only answer appears to be to extrapolate the Hubble 
law relationship out to even greater distances. And when we do this, it appears that 
nature still has a few surprises in store for us! 


Certain star-like objects have been observed in recent years that have red shifts 
indicating that they are at huge distances—well beyond the 1 Gpc limit for the 
brightest galaxies. Yet these objects, now know as quasars, are very bright—much 
brighter than we would expect them to be at that distance. It would appear that the 
energy they emit per second is of the order of 100 times more than the amount 
emitted per second by the brightest galaxies. What could such objects be? We don’t 
yet know. Even so, all kinds of fanciful suggestions have been put forward to explain 
them, from exploding galaxies to large-scale matter—antimatter interactions! 


Yet some astronomers have advised caution. Perhaps our basic assumptions are 
wrong—as they've sometimes been wrong before. Perhaps the quasars are not such 
distant objects. It may be that the red shifts in their spectra have some origin other 
than the expansion rate of the Universe (and again there’s been no shortage of 
speculative suggestions for other mechanisms). Or perhaps, on the other hand, we 
are not justified in simply extrapolating Hubble’s law to these greater distances. 
Whatever the truth, we must always be open to these alternative suggestions; we 
must never believe our edifice so grand that it is infallible. In the end, experiment 
and observation will decide between the right and the wrong ideas. 


Summary of the main ideas in Section 3 


One of the advantages of making measurements of stellar distances is that it enables 
the structure of the Universe to be investigated. Towards the beginning of the 
twentieth century, astronomers using the period—luminosity correlation for Cepheid 
variables made an important discovery concerning this structure. They found that 
stars are grouped together in enormous numbers to form separate identifiable 
systems called galaxies. The vast majority of ‘stars’ visible to the naked eye are stars 
within our own Milky Way Galaxy (which has a diameter of about 30 kpc). However, 
some ‘diffuse objects’ are also visible in the night sky; several of these are separate 
galaxies in their own right, each containing perhaps billions of stars. (One such 
galaxy, the Great galaxy in Andromeda, is about 650 kpc distant from us.) These 
are quite different from, although superficially similar in appearance to, the nebulae, 
(such as the Orion nebula) which are clouds of dust or gas measuring only a few 
parsecs in diameter and located unequivocally in our own Galaxy! 


To measure the distances to galaxies that are so far away that Cepheid variable stars 
are too faint to be observed, it is necessary to use statistical techniques. Several such 
techniques have been devised; one of the most important is the brightest blue star 
method. This assumes that the brightest blue star in one galaxy has, on average, the 
same absolute luminosity as the brightest blue star in any other galaxy. Thus, their 
apparent luminosities are inversely proportional to the squares of their distances. 


As the number of galaxies observed and studied has increased, it has become apparent 
that galaxies themselves are grouped into clusters of galaxies, some of which contain 
over 1000 member galaxies. Our own Galaxy is a member of the Local Group of 
galaxies, which contains 17 or so members (the exact number is not known—there 


+ If you are not familiar with the dimensions of a physical quantity, then refer to the Mathe- 
matics in S271 booklet. 


quasars 
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may be small galaxies obscured by dust clouds in our own Galaxy); all the members 
of the Local Group lie within a radius of about 700 kpc of the Milky Way. 


There is also evidence now that, on a larger scale still, clusters of galaxies are them- 
selves grouped into superclusters (clusters of clusters), extending over perhaps 20 or 
30 Mpc. 


Apart from a few galaxies within the Local Group, all galaxies appear to be receding 
from us, i.e. their spectra show red shifts. Hubble put forward the suggestion that the 
speed of recession of the galaxies is proportional to their distance, i.e. v = Hr where 
H is known as the Hubble constant. 


To measure the distance of very distant galaxies, Hubble made the assumption that 
the absolute luminosity of the brightest galaxy in any cluster is always the same. 
This technique enabled him to measure distances out to about 1 Gpe. However, since 
he was really measuring relative galactic distances, the absolute accuracy of the 
measurements depended on the accuracy of the calibration (which came from an 
independent measurement of the distance to the Virgo cluster). Unfortunately, there 
is still some controversy over this calibration. Hence, the value of the Hubble constant 
is uncertain by about +50 per cent. The value assumed in this Unit is 
H = 50 km s` '/Mpc. Hubble’s law (v = Hr), however, does seem to be valid out to 
distances of about 1 Gpe, and possibly beyond. 


The galactic red shifts imply that the Universe is expanding. If we assume that the 
speed at which galaxies are separating has always been the same, then we can use the 
value of the Hubble constant to estimate an upper limit for the age of the Universe. 
This upper limit is given by 1/H and is about 20 x 10° years. 


The only method we have at the moment for measuring astronomical distances 
beyond about 1 Gpc involves using Hubble’s law, assuming that it can be extrapolated 
out to yet greater recessional speeds. This is a highly suspect assumption. Yet we 
have located star-like objects—quasars—that have very large red shifts, suggesting 
that they do therefore have very large recessional speeds, and are therefore (if 
Hubble’s law is to be believed) at very great distances. At the moment these objects 
constitute an unsolved puzzle for physicists and astronomers. If the quasars really 
are at such great distances, then it’s hard to conceive of a good reason why their 
apparent luminosity is so large. The power source that such an object represents 
seems to be too large to be believable. Consequently, it seems reasonable to conclude, 
that whatever new discoveries we make concerning these quasars, the end results of 
these discoveries will prove to be very exciting for astronomy and astrophysics. 


Self-assessment questions for Section 3 


SAQ 11 A Cepheid variable star is found with a period of variation in light output 
of exactly 80 days. Is this Cepheid outside the Milky Way Galaxy? (You may assume 
that it is a Type I Cepheid, and that it accurately follows the period—luminosity curve 


of Figure 29). 

SAQ 12 Table 3 lists the apparent luminosities of the brightest blue stars in several Table 3 

different galaxies. These luminosities are quoted relative to the apparent luminosity a 

of the Sun. Given that M31 is 650 kpc away, estimate the distance to the other apparel tumnosity 
; of brightest star 

galaxies. galaxy 


apparent ae 
of Sun 


SAQ 13 Galaxy M33, in the Local Group of galaxies, is roughly three times further 
away from us than the Fornax galactic system (see Figure 32). Would you expect the 


M31 spiral galaxy 


red shift exhibited by M33 to be about three times that exhibited by the Fornax in Andromeda 1 x 10727 
system? M51 ‘Whirlpool’ 

galaxy A 
SAQ 14 The brightest galaxy in a cluster of galaxies in the constellation of Perseus M64 spiral galaxy 
has a recessional speed of 5400 km s~ +. Use your answer to ITQ 15 to estimate how in Coma Berenices Sas 
much brighter or fainter this galaxy is than the brightest galaxy in the Virgo cluster. M65 spiral galaxy 

in Leo Ess 
SAQ 15 Recessional speeds of 6 700 km s~ +, 10300 km s~ t, and 23 300 km s~! are M81 spiral galaxy 
measured for clusters of galaxies in Coma Berenices, Hercules, and Gemini, respec- in Ursa Major rxi0™ 


tively. Assuming that the Hubble constant is 50 km s~ '/Mpe, calculate the distance 
of these clusters. 


If, in future years, we find that the Hubble constant is actually 100 km s~ !/Mpc, 
would the accepted distances to these clusters have to be doubled or halved? 
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SAQ 16 Some quasars have been found with red shifts indicating recessional 
speeds of the order of 80 per cent of the speed of light (c = 3 x 10°ms~'). How 
distant would Hubble’s law suggest these quasars are? 


SAQ 17 If the quasars in the previous question were conventional ‘brightest 
galaxies’, how much fainter would you expect them to be than the brightest galaxy 
in the Hydra cluster. (The distance of the Hydra cluster is about 1.2 Gpc; see Table 
2 on page 36.) 


From Venus to Hydra 
The complete measurement chain 


I said at the very beginning of this ‘Survey of the Universe’ that to determine 
astronomical distances we have to rely on a complicated chain of reasoning that 
extends our measurements from the Earth, to the solar system, to the stars, and to the 
galaxies. You have now seen how this chain works. When astronomers assert that 
the cluster of galaxies in Hydra is about 1.2 Gpc away, their statement rests on the 
strength of each link in this complicated chain. The system is summarized in Figure 
38. The distance to the Hydra cluster is found relative to the distance to the Virgo 
cluster, by comparing the brightest galaxies in these two clusters. But this doesn’t 
get us any further forward unless we can independently determine the distance to the 
Virgo cluster, i.e. calibrate the brightest galaxy method of determining distances. So 
to find the distance to Virgo we compare (say) the blue supergiants in this cluster with 
blue supergiants in a much closer galaxy, say one about 1 Mpc or so distant. 
(Alternatively, we may choose to compare supernovae, or luminous gas regions.) And 
once again we find the distance to the Virgo cluster relative to the distance to the 
nearer galaxy; once again we must calibrate the blue supergiant method (or the 
supernova or luminous gas method) by making an independent measurement 
of the distance to the nearer galaxy. 


- distance 
limit of observable Universe pe 
3Gpc r 
: 10° 
E ————— red shifts — — — — F 
5 -108 
= r 
15 Mpc 
E poe H107 
<= . 
E (Whirlpool Galaxy) iz 
2 ‘ 
3 0.5Mpc r10 
3 r105 
i = (Large Magellanic Cloud) L 
ojl ž 
= +104 
3 L 
> 
ar L103 
= +10? 
L.S 
i -10 
= L3 
= L] 
trigonometrical sighting and radar-ranging 
to determine the astronomical unit 
Approximate limits of different methods 
Parallax — 30 pe Cepheids 1 kpe + 5 Mpc 
Moving cluster method > 150 pc Blue Supergiants 0.5 Mpc > 15 Mpc 
Colour-luminosity method 30 pe > 50 kpe Brightest galaxies > 1 Gpe 
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Figure 38 The hierarchy of astronomical 
measurements. Note the logarithmic 
distance axis. 
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4.2 


If we’ve chosen the nearer galaxy wisely, it may well contain some resolvable Cepheid 
variables. These will enable us to compare the distance to this nearby galaxy with 
the distance to a Cepheid in our own Galaxy, by comparing the periods of luminosity 
variation and using the inverse-square law. But once again, the story repeats itself. 
We must now calibrate the Cepheid period-luminosity correlation method. 


We do this by measuring the periods of Cepheids in star clusters whose distances are 
determined by the colour—luminosity method. And to calibrate the colour—luminosity 
method, we use the moving-cluster method, or possibly parallax. 


So, knowledge of the distances to the furthest galaxies rests on our being able to 
measure the distance to a handful of stars within a few tens of parsecs of our Sun! 
What’s more the story is not yet complete. For the parallax method relates all 
distances to the Earth—Sun distance (as a base-line for the parallax). The Earth-Sun 
distance is defined as 1 astronomical unit (1 au); and the astronomical unit is 
calibrated by measuring the Earth-Venus distance by radar-ranging. The chain 
really does extend ‘from Venus to Hydra’! 


Was it worth it? 


With a measurement chain so long and so complex, you may well wish to ask, ‘how 
much faith should I place in the distance measurements to those furthest galaxies?” 
Unfortunately, there is no agreed answer to such a question. However, it seems likely 
that most of the links in the chain are accurate to better than 15 per cent or so; when 
all the errors, over the links, are accumulated then the total error may be in the 
region of, say, 40 per cent.* This may not seem very good, but when you think that 
we're measuring distances of the order of 10?* km (i.e. a hundred thousand million 
million million kilometres!) with not much more than a telescope and our ingenuity, 
then I suspect you'll agree that the achievement really is remarkable! 


But perhaps more important still are the discoveries that have been made as a result 
of these distance measurements. Without a knowledge of the scale of the solar system, 
the Galaxy, and the Universe, we should have been in a poor position to appreciate 
their respective structures. And without a knowledge of these structures, we are not 
likely to make much headway in understanding the forces that regulate them, the 
energy sources that drive them, or the processes that gave rise to them. Yet these are 
all the things we yearn to do. As Hubble wrote in his last paper: 


‘From our home on Earth we look out into the distances and strive to imagine the sort 
of world into which we are born. Today we have reached far out into space. Our 
immediate neighbourhood we know rather intimately. But with increasing distance 
our knowledge fades . . . until at the last dim horizon we search among ghostly errors 
of observations for landmarks that are scarcely more substantial. The search will 
continue. The urge is older than history. It is not satisfied and it will not be suppressed.” 


Bibliography 


If you are interested in following up any of the ideas in this ‘case study’ the following 
books are worth looking at: 


Astronomy: Fundamentals and Frontiers, R. Jastrow and M. H. Thompson (Wiley and 
Sons, 1974, 1976) 


New Horizons in Astronomy, J. C. Brandt and S. P. Maran (W. H. Freeman, 1972) 
The Science of Astronomy, H. Crull, W. Kaufmann, et al. (Harper and Row, 1974) 


There have also been many articles in Scientific American. Many of the major 
articles have been collected together into: 


New Frontiers in Astronomy (Readings from Scientific American), Ed. O. Gingerich 
(W. H. Freeman, 1975) 


* The largest uncertainty is associated with the calibration of the Virgo cluster distance. It is 
this calibration that leads to the 50 per cent uncertainty in H. However, strictly speaking, 
this is not so much an error as a disagreement between different groups of astronomers—all 
the groups quote experimental errors much less than 50 per cent. It would seem, therefore, 
that there is some systematic discrepancy between the different techniques adopted by the 
different groups. It is likely that this discrepancy will be removed in the near future. 
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Epilogue 


I tried to convince you, in the prologue to this Unit, that physics is a rich multi- 
faceted field of creative endeavour—a blend of such things as mathematical deduction, 
painstaking experimentation, lucky discovery, and unifying ideas. Now that you 
have looked in detail at an example of ‘physics in action’, do you begin to see how 
these different aspects of physics contribute towards our overall understanding? 
Perhaps you would like to try the following ITQ. 


ITQ 16 Can you relate the different facets of physics mentioned in the 
prologue, to any specific aspects of discovery, reasoning, understanding etc. 
that were a part of the “Surveying the Universe’ story? 


In one respect, however, the ‘example of physical enquiry’ chosen for this Unit is 
quite unlike examples that might have been chosen from other fields of physics. 
Because the Universe is outside their control, astronomers and astrophysicists have 
had to rely almost solely on a combination of observation and reason; they are not 
in a position to perform experiments on the Universe! Most areas of physics, however, 
have evolved through an interplay of observation, reason, and experiment, and in 
later Units of this Course, you will see just how important is the role experiments 
have played in our understanding of physical phenomena. 


Objectives 


Now that you have completed this Unit, you should be able to: 
1 Explain the basis of Kepler’s method for determining planetary distances (SAQ 1) 


2 Use the sine rule in both acute-angled and obtuse-angled triangles (ITQ 1; 
SAQs 1 and 3) 


3 Calculate planetary orbital periods given the relevant data concerning successive 
oppositions (ITQ 2) 


4 Apply ‘time-of-flight’ calculations to determine distances directly, e.g. using 
radar-ranging (SAQs 2 and 3) 


5 Define the astronomical unit (SAQs 1-3) 
6 Define and apply the inverse-square law (SAQ 4) 


7 Define astronomical parallax, and use it to calculate stellar distances in astro- 
nomical units or in parsecs (ITQs 3-5; SAQ 5) 


8 Define one parsec (ITQ 5; SAQ 5) 
9 Define one light-year (ITQ 6) 


10 Define proper motion, and deduce the relationship between proper motion and 
the distance and tangential speed of a star (SAQ 6) 


11 Describe the Doppler effect and explain how it is used to measure the radial 
speed of a star 


12 State and use the relationship between a star’s radial speed, its tangential speed, 
and its true space velocity (ITQ 7; SAQ 7) 


13 Explain (in principle) how the ‘perspective effect’ is used to determine the true 
space direction of motion of a star (ITQs 8 and 9) 


14 Describe qualitatively the relationship between a star’s black-body spectrum 
and its surface temperature (ITQ 10) 


15 Use the colour—luminosity correlation (of Figure 25) in conjunction with the 
inverse-square law to calculate a star’s distance (or vice versa) (ITQ 11;SAQs 8 and 9) 


16 Use the period-luminosity correlation (for Cepheid variables) in conjunction 
with the inverse-square law to calculate a star’s distance (or vice versa) (ITQ 12; 
SAQs 10 and 11) 


17 Explain the difference between nebulae and galaxies, and have an approximate 
idea of their relative diameters (ITQ 13) 


18 Describe and use the blue supergiant method of distance measurement (ITQ 14; 
SAQ 12) 


19 Describe qualitatively the organization of galaxies into clusters and super- 
clusters 
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20 Describe galactic red shifts, and explain why some galaxies exhibit a small blue 
shift (SAQ 13) 
21 State and use Hubble’s law (ITỌ 15; SAQs 15 and 16) 


22 Describe and use the brightest galaxy method of distance determination (SAQs 
14 and 17) 


In addition there are four Objectives associated with TV Programme 1. After watch- 
ing this programme and reading the associated Television Notes you should be 
able to: 


23 Describe (in broad outline) how spectral information about a star is obtained. 
24 Sketch a Hertzsprung—Russell diagram, and in particular, indicate the general 
position of Main-sequence stars of different masses on such a diagram. 

25 Indicate the general position of red-giant stars, variable stars and white dwarf 
stars on the Hertzsprung—Russell diagram, and so be able to describe (in broad 
outline) the evolutionary path of a Sun-like star. 

26 Say where, in the evolutionary cycle of a star, a supernova explosion may occur, 
and explain the significance of such an explosion with regard to the formation of new 
stars. 


Appendix: Some useful astronomical facts and figures 


Conversion factors Luminosities 


1 astronomical unit (1 au) = average Earth-Sun distance Absolute luminosity of Sun Ls 


= 1.495980 x 101! metres 
1 parsec (1 pc) = 2.063 x 10° au 
= 3.086 x 10!° metres 


Absolute luminosity of brightest galaxy 


1 light-year = 9.46 x 1015 metres 
1 pe = 3.26 light-years 


Miscellaneous 


Typical distances and sizes 


Distance to nearest star (Proxima Centauri) 1.31 pe (exhibited by Barnard’s star, 1.8 pc away) 
Diameter of Orion nebula ~S pc Surface temperature of Sun 
Distance to Hyades cluster 36.8 pc ee ee 
Distance to Polaris (North star) 200 pc rake E constant zl E 

: (subject to 50% uncertainty) 
Diameter of Milky Way Galaxy 30 kpe i 

< : Age of Universe (< 1/H) 
Distance to Large Magellanic Cloud galaxy 50 kpc 
Distance to Andromeda galaxy (M31) 650 kpc 
Diameter of Local Group of galaxies 1.4 Mpc 
Distance to ‘Whirlpool galaxy’ (M51) 5 Mpc 
Distance to cluster of galaxies in Virgo 24 Mpc 
Typical diameter of a supercluster 20-30 Mpc 
Distance to cluster of galaxies in Hydra 1.2 Gpe 
Estimated radius of observable Universe 3 Gpe 
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Absolute luminosities of Cepheids 
Absolute luminosity of blue supergiants 


Largest measured proper motion 


4 x 107° 
joules/second 


w 1, — 105, 
5 x 10° L; 
2x 10'' L; 


Estimated absolute luminosities of quasars 10+? Ls — 10'* Ls 


10.5 seconds of 
arc/year 


~6 000K 
~500 nm 


50 km s~ +/Mpc 


<2 x 10!° years 


ITQ answers and comments 


ITQ 1 Equation 2 says that 


But here, ¢ = 97.4°, i.e. it is an obtuse angle. Hence, 
sin(180 — 97.4)° 
MM; = SE, 
sin 40.6° 
sin 82.6° 
SS 
sin 40.6° 


1.52 SE,* 


SE, 


If both Mars and the Earth moved in circular orbits around 
the Sun, the distances SM, and SE, would both be constant 
(i.e. they would be the planets’ orbital radii), and this one 
calculation would have determined the constant ratio between 
these two distances. In practice, the Earth’s motion around 
the Sun is very nearly circular, the actual Earth—Sun distance 
at any point in the Earth’s orbit deviating by less than 2 per 
cent from the average Earth—Sun distance. Hence, to a good 
approximation, SE, can be treated as a constant. The same 
is not true, however, for the distance SM,. Fortunately, 
Kepler’s method does not require the assumption that Mars’s 
orbit is circular. The value of SM, calculated above is simply 
the distance of Mars from the Sun at that one point in its orbit. 
What Kepler did was repeat measurements like those illus- 
trated in Figure 3, at 40 different points around the orbit. In 
this way, he was able to plot out the exact shape of Mars’s 
orbit (to within the 2 per cent approximation of a constant 
SE,) and hence calculate the average Mars—Sun distance. 


ITQ 2 (a) Between two successive oppositions (Py ES 
and P,E,S say) the Earth will have gained one whole orbit on 
Mars. (I am using the phrase ‘one orbit’ somewhat coloquially 
here to mean one revolution of the planet around the Sun.) 
Thus, if the time elapsed on Earth is 2.14 years, the Earth will 
have completed 2.14 orbits, and Mars will have completed 
1.14 orbits. 


Hence 
2.14 Earth years = 1.14 Martian years 


so that 
: 2.14 
1 Martian year = EV aes years 


~ 1.877 Earth years 
~ 686 days. 


It is worth considering how this result would be modified if 
Mars’s orbit were not assumed to be circular. Implicit in the 
circular-orbit approximation is the assumption that the angle 
swept out by the ‘imaginary spoke’ joining the Earth to the 
Sun (or the planet Mars to the Sun) is directly proportional 
to the time it takes the Earth (or Mars) to sweep through that 
angle. In other words, since it takes 1 Earth year for the Earth 
to sweep out an angle of 27 radians (360 degrees), it takes 0.5 
years for the Earth to sweep out x radians (180 degrees), 


* In practice, since sin A = sin (180 — A), you would still have 
arrived at this answer had you fed the angle 97.4° (rather than 82.6°) 
into your calculator. 


$271 UNIT 1 


0.25 years to sweep out 7/2 radians (90 degrees), 0.14 years 
to sweep out (2z x 0.14) radians, and so on (see Figure 39a). 
The same is true of Mars. It takes Mars 1 Martian year to 
sweep out 27 radians, 0.25 Martian years to sweep out 7/2 
radians, and 0.14 Martian years to sweep out (27 x 0.14) 
radians. 


If Mars’s orbit is non-circular, then this assumption may not 
be valid (see Figure 39b), and an error may be introduced by 
assuming that the fraction of an orbital period over and above 
the integral number of orbits is the same for both the Earth 
and Mars. 


circular 
orbits 


(27 X 0.14) radians 


tm = 0.14 Mars yea 


(a) 


elliptical orbit 


circular orbit 


(27 X 0.14) radians 


tw # 0.14 Mars years 


(b) 


Figure 39 (a) When the orbits are circular it takes the Earth 0.14 
Earth years to sweep out an angle of (2x x 0.14) radians. It takes 
the planet Mars 0.14 Martian years to sweep out the same angle. 

(b) When Mars’s orbit is elliptical, it is no longer true than an angle 
of (2x x 0.14) radians corresponds to 0.14 Martian years. 


Suppose that the circular-orbit assumption, applied to Mars, 
introduces an error of + 0.1 complete orbital periods in the 
estimate of the time taken to complete the additional, frac- 
tional part of the orbit. That is, the time taken to complete the 
fractional part of the orbit is (0.14 + 0.1) Martian years. 
(Note that the elliptical orbit does not introduce any errors in 
the timing of the integral number of revolutions. Even with an 
elliptical orbit, it still takes 1 orbital period to sweep out 27 
radians!) This error in the fractional part of the orbit will 
introduce an error of 0.1 in 1.14 (i.e. almost 9 per cent) in the 
estimate of the total number of orbits completed by Mars 
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between successive oppositions. If we can neglect any error 
in the total number of orbits completed by the Earth in this 
time, then the uncertainty in the Martian year will also be 
about 9 per cent. 


(b) The eighth opposition occurs when the Earth has gained 
eight whole revolutions on Mars. Hence, when the Earth has 
travelled 17.08 orbits, Mars will have travelled (17.08 — 8) = 
9.08 orbits. Thus 


17.08 Earth years = 9.08 Martian years 


so that 


17.08 
1 Martian year = —— Earth years 
9.08 


I? 


1.881 Earth years 
687 days. 


le 


This is a more accurate estimate of the ‘Martian year’, for two 
reasons. First, this eighth opposition occurs after 17.08 years. 
Because this is so close to an integral number of years, this 
opposition occurs in almost the same parts of the planets’ 
orbits as did the initial opposition. Thus any error caused by 
Mars having an elliptical orbit is reduced. Second, even if this 
had not been the case, the percentage error in the calculation 
of the Martian year would have been reduced. Even if the orbit 
deviated from a circle to the extent that it (again) caused an 
error of + 0.1 orbital periods in the estimate of the time taken 
to complete the additional, fractional part of the orbit, this 
would only have led to an error in the estimated total number 
of orbits completed by Mars of + 0.1 orbital periods in 9.08 
orbital periods (i.e. just over 1 per cent). Assuming again that 
the uncertainty in the total number of completed Earth 
orbits is negligible, the uncertainty in the Martian year would 
be about 1 per cent. Compare this result with the 9 per cent 
error calculated in part (a) of the question. 


ITQ 3 Note that r is inversely proportional to @. Hence, a 
star with a parallax of 4 second of arc is four times further 
away than a star with a parallax of 1 second of arc. Such a 
star would be approximately 8.25 x 10° au distant from the 
Earth. 


ITQ 4 There is no need to modify the geometry at all. You 
should convince yourself that no matter where the star is 
located, it is always possible to find one Earth-orbit diameter 
lying perpendicular to the imaginary line joining the star to 
the Sun. (This even applies to stars lying in the plane of the 
Earth’s orbit.) The parallax measurements can, in principle, 
be applied to stars anywhere within the ‘celestial sphere’. 


ITQ 5 A parallax of 0.763 seconds of arc is, from equation 8, 
equivalent to a distance of 1/0.763 parsecs. (Note carefully this 
reciprocal relationship.) That is, Proxima Centauri is 1.31 pc 
from the Earth. Furthermore, since 


1 pe = 3.086 x 10'°m (eq. 7) 
the distance to Proxima Centauri is approximately 
4.04 x 101° metres. 

ITQ 6 In one year, light will travel a distance of 
(3.00 x 108ms~') x (60 x 60 x 24 x 365s) 
That is 
1 light-year = 9.46 x 1015 metres. 


From ITQ 5, you know that Proxima Centauri is 4.04 x 1016 


AA 


metres from the Earth. Hence, to convert this distance to 
light-years you must divide it by 9.46 x 10'° m. That is, the 
distance to Proxima Centauri is 


4.04 x 101° 


= Aiphi-yeais 
toe 9s 


= 4.27 light-years 
Naturally, it would take light 4.27 years to travel this distance. 
Note that you can also deduce from equation 7 that 


1 parsec = 3.086 x 1016 m = 3.26 light-years. 


ITQ 7 The tangential component must be perpendicular to 
the radial component. In addition, the true space velocity will 
be represented by a line, of length yet unknown, lying along 
the direction making an angle a to the line of sight. For 
everything to be consistent the components must form the 
sides of a rectangle of which the true space velocity is the 
diagonal. This can only be done as shown in Figure 40. 


SZ 
Sez 


eo 


l N 


Figure40 Drawa line from A, at right-angles to the direction of the 
radial component. Extend this line until it intersects the line repre- 
senting the true space velocity direction at B. The length of this line 
AB represents the size of the tangential component, as can be seen 
by completing the rectangle (refer back to Figure 18). 


The value of the tangential speed can be found either by 
drawing a scale diagram like Figure 40, or by using trigo- 
nometry in one of the right-angled triangles of Figure 40, 
This latter approach gives 

tangential speed 


tan & = - 
radial speed 


or, rearranging 
tangential speed = (tan ~) x (radial speed) 


where both the quantities on the right-hand side of this 
equation are known. 


As a bonus, the magnitude of the true space velocity can be 
determined, since clearly 
radial speed 
true speed = ————__—__ 
COS & 

Don’t worry too much at this stage if the kind of analysis given 
here looks a little bit magical. Remember you will be meeting 
the ideas again, in greater detail, in the next Unit! 


ITQ 8 No! We deduce that a group of stars form a cluster 
(rather than simply being accidentally in the same line-of- 
sight direction, possibly at quite different distances) by 
noticing that their Doppler shifts (and hence radial speeds) 
are more or less the same, and that the size of their proper 
motions are roughly the same. The directions of their proper 
motions, however, are all likely to be slightly different because 
of the perspective effect applied across the extent of the 
cluster. Indeed, it is this perspective effect that allows us to 
find the convergent point, and hence the ‘true’ direction of 
motion of the cluster. 


ITQ 9 (a) Since 1 pc/year = 9.8 x 10° km/s, this star’s 


8 
radial speed is 98 km/s = 05 pc/year = 1.0 x 10-4 


9 
9.8 x 1 
pc/year. Since the spectrum is red shifted, this motion must be 
away from the Sun. The true direction of motion of the star is 
known to be at an angle of 31.0 degrees to this radial com- 
ponent (see Figure 41). Hence 


tangential speed = tan 31° x radial speed 
= 0.60 x 1.0 x 10° * pc/year 
= 0.60 x 10° * pc/year 


r 
direction of \ 


true space motion = 


= SS Se 
\ 
\ ; 
` radial speed = 
\ 1.0 x 104 pe/ year 
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Figure 41 The tangential speed of the star can be found by 
trigonometry. 


(b) Equation 11 says that 


tangential speed of star (in km/s) 


- (in k 
r (in km) angular speed of star (in radians/s) 
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However, in this case, it is more useful to write the equation 
using distance units of parsecs, and time units of years. That is 


tangential speed of star (in pc/year) 


mGA pe) angular speed of star (in radians/year) 


The tangential speed was calculated in part (a); the angular 
speed of the star is given as 1.0 x 1076 radians/year. 


Hence 0.6 x 1074 pc/year 


oxo radians/year 
= 60 pe 


The star is 60 pc away from the Sun. 


ITQ 10 You can see from Figure 24 that the Sun, which has 
a surface temperature of 6 000 K, has a spectral curve peaking 
at 500 nm, whereas Barnard’s star, with a temperature of 
3 000 K peaks at 1 000 nm. A star with a wavelength peak at 
600 nm lies between these two, but rather nearer to the Sun 
than to Barnard’s star. Hence its surface temperature will be 
between 6 000 K and 3 000 K, but nearer 6 000 K. A reasonable 
guess might be about 5 000 K. 


A star with a surface temperature of 4000 K will be cooler 
than this first star. Consequently, its spectrum will peak at a 
wavelength longer than 600 nm; that is, the star will be redder. 


As it happens, we can make both these arguments more 
quantitative. If you look carefully at Figure 24, you will notice 
that Ajax © 1/T; in all three cases Ama T ~ 3 x 10°nmK. 
This, in fact, turns out to be a general relationship for all 
black-body radiation (it’s known as Wien’s law). You can 
now see what a good estimate 5000 K was for a star with 
Amax = 600 nm! 


Using the relationship Amas T ~ 3 x 10° nm K for the second 
star, which has T = 4000 K, we get Amas % 750 nm. This 
spectrum is further into the infra-red than the previous one; 
as already stated, this star would be redder. 


Incidentally, I’ve taken a slight liberty here in deducing 
Wien’s law from only three data points—that’s not particularly 
good science! However, it is good science to have your 
curiosity aroused by the apparent pattern represented by 
these three data points—provided you then check to see 
whether the pattern can be extended to other points as well. 
The more points it works for, the more confident you'll feel 
about putting your pattern or relationship forward as a 
generalization. (I’m excused, because I knew the answer 
beforehand!) But perhaps you’d now like to check that 
Figure 23 is consistent with Wien’s law. 


(Note: you are not expected to remember Wien’s law for 
assessment purposes.) 


ITQ 11 If star A has a surface temperature of 8000 K, 
Figure 25 indicates that it has an absolute luminosity 10 times 
that of the Sun’s (absolute) luminosity. Similarly, from Figure 
25, we can deduce that star B, with a surface temperature 
of 4000 K, has an absolute luminosity 0.1 times that of the 
Sun’s luminosity. In other words, star A is intrinsically 100 
times as luminous as star B. 


But both stars appear to have the same luminosity. This means 
that, by the time the starlight reaches us, the light from Star A 
has been reduced in luminosity 100 times more than that from 
star B. This indicates that star A is further away than star B, 
since the fall off in a star’s observed luminosity is proportional 
to the ratio of the inverse square of the distance of that star. 


That is, star A must be ./100 or 10 times as distant as star B. 
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You might find this argument easier to follow when written 
algebraically. Suppose that (L4),,; and (Lg)aps are the absolute 
luminosities of stars A and B respectively. Then, from Figure 
25, $ 


(La)abs = 100(L5)abs 


But the luminosity falls off as the inverse square of the distance 
of the star. Hence 


(L Jabs 
(La )apparent oc A 
FA 


(Lp)abs 


(is) Serarent oc F] 
rB 


where r, and rg are the distances from the Sun of stars A and 
B respectively. 


But the question says that 


Uira = (is) apparent 


(La)abs zs (Lg)abs 


Thus z 2 
2 
rå = (Laas 
That is Sa 
r (Lg)abs 
OF Ta = (La)abs 
FB (Lp)abs 


Since (La)a4; = 100 (Lg)a4,. We Can write 


Ta = 1 00(L8)abs 
rg V-  (Le)abs 
/i00 


= 10 


That is, rą = 10 rg. Star A is 10 times as far away as star B. 


This kind of inverse-square law law argument is not easy to get 
right; I find that it is always safest to think carefully through 
the logic each time. However, if you still feel a bit doubtful 
about your ability to answer this kind of question, don’t 
worry. SAQs 4, 8, 9 and 10 at the end of Section 2 provide 
further opportunities for you to get practice with this inverse- 
square law reasoning. 


ITQ 12 From the graph of Figure 28, the first Cepheid is 
roughly about 160 times as luminous as a Cepheid with a 
period of 1 day; the second Cepheid, with a period of 3 days 
is about 35 times as luminous as the 1-day Cepheid. Hence, 
the first Cepheid must be roughly about 45 times more 
luminous than the second, in reality. 


But since both Cepheids are at the same distance, the first 
would also appear to be about 45 times more luminous than 
the second. This was the underlying assumption in Leavitt’s 
discovery. 


Since this question requires you to interpolate results from a 
logarithmic graph, the odds are that your answer differs 
slightly from mine above. This doesn’t matter provided your 
answer is in the right region, and as long as you understand 
the methodology. 


ITQ 13 The angle subtended at the Earth by M31 can be 
found from the small-angle approximation 


ate = ro. 
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Since the distance r is 650 kpc, and the ‘arc’ is the diameter of 
M31, i.e. ~ 30 kpc, then 0 = (30/650) radians = 0.046 radians, 
or about 2.6 degrees. 


ITQ 14 Assuming that the brightest blue star in M31 has 
the same absolute luminosity as the brightest blue star in 
M51, the difference in apparent luminosities (of a factor of 
50) must be accounted for by the difference in the distance. In 
fact, M51 must be 50 times further away than M31. Since 
M31 is 650 kpc away, the distance of M51 must be about 


,/50 x 650 kpc. That is 
Tms1 = 5 Mpc. 


ITQ 15 Your plotted graph should like Figure 42. The data 
strongly supports the direct proportionality between v and r. 
The gradient of my line, i.e. the Hubble constant, cannot be 
worked out in absolute units until the distance to the Virgo 
cluster is known. In other words, in order to calibrate the 
brightest galaxy in the cluster method of distance deter- 
mination, it is necessary to measure the distance to one of the 
nearby clusters (the Virgo cluster, for instance) by a different 
method. This calibration is further discussed in the text 
following this ITQ. 


v/lo’xkms | 


0 10 20 30 40 50 60 


FF Virgo 


Figure 42 Recessional speeds versus distance for the galaxies listed 
in Figure 35. Clearly, v is proportional to r. The constant of pro- 
portionality is about 1200 km s"' per unit distance to the Virgo 
cluster. 


ITQ 16 There is no definitive or comprehensive answer to 
this question; different people will see different discoveries in 
different lights. Furthermore, there is no clear dividing line 
between the different categories of activity mentioned in the 
prologue. Nevertheless, Table 4 attempts to summarize what, 
in my view, are possible relationships between some of the 
abstract quantities (and qualities) that go to make up the 
subject physics, and the discoveries and understandings that 
are the ‘tangible’ outcome of them. But please, treat this Table 
only as a guide. It is more important for you to realize there 
are these different aspects to physics, than for you to be able 
to neatly ‘pigeon-hole’ the different discoveries into different 
boxes! 


Table 4 


Phrase in prologue 


Example in case-study 


creative effort 


lucky discovery 

painstaking experimentation 
(mathematical deduction) 
accumulated knowledge 


unifying ideas 


philosophical implications 
practical applications 


faith and aesthetics 
categorizing 
delineating 
classifying 
grouping 


correlating 


moving-cluster method (perspective 
effect) 


finding Cepheids in Magellanic Clouds 
black-body radiation spectra 
(Newton’s law of gravitation) 


planetary orbits and time periods; red 
shifts on various objects 


the stars are distant ‘Suns’; stars conglo- 
merate into galaxies 


expanding Universe 


many technological ‘spin-offs’ from de- 
mands of space research and observational 
astronomy 


laws of physics universal 

planets; stars; galaxies 

between gas nebulae and galaxies 

of stars by colour-luminosity correlation 


all blue supergiants similar; all brightest 
galaxies in clusters similar 


period—luminosity correlation; Hubble’s 
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law 
---and so on --- 


SAO answers and comments 


SAQ 1 (a) You should have sketched a diagram like that 
shown in Figure 43. Since one ‘Venusian year’ is 225 days, or 
0.616 Earth years, the position of the Earth for the second 
sighting (i.e. E,) will be (0.616 x 360) degrees = 221.75 
degrees away from its position at the first sighting (E,). Hence 
angle E, SV, will be 138.25 degrees. 


Figure 43 Kepler’s method applied to the plant Venus (see SAQ 1). 


(b) Since you are told that angle V,E,S is measured as 17.4 
degrees, you can deduce that angle E, V,S is approximately 
24.4 degrees. From the sine rule 


V,S E,S 
sin 17.4° sin 24.4° 


sin 17.4° 


Hence V,S = ——_ 
sin 24.4° 


E,S 


~ 0.72 au 
Using the relationship 
1 au = 1.50 x 101! metres 


the Venus-Sun distance is found to be approximately 
1.1 x 10*! metres. 


SAQ 2 Ifthe Mars—Sun distance is 1.52 au, then at opposi- 
tion, the Earth—Mars distance is 0.52 au. Hence the radio 
pulse has to travel 


(2 x 0.52) au = 1.04 au = 1.56 x 101! metres 


If the speed of the pulse is 3 x 108 m s~ +, the time for the 
round trip will be 


= 1.56 x 10!!m 
3x 10®ms 
= 520 seconds 


= 8 minutes 40 seconds. 


SAQ 3 From Table 1, ES (in Figure 9) is 1 au, and VS = 
0.72 au. Since the angle at V is an obtuse angle, the sine rule 
applied to triangle EVS gives 
1 0.72 
sin (180° — V) sin 30.0° 


Hence sin (180° — V) = 0.694 
so that (180° — V) = 44.0° 
Therefore V = 136.0° 
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Since the angle at E = 30.0° the angle at S is given by 
S = 180° — 136.0° — 30.0° 
Le. S = 140°. 


Now, applying the sine rule again, but this time including the 
length of EV (in metres), we have 


lau _ 5.20 x 10!°m 
sin(180°— V) sin 14.0° 
z sin 44.0° 


Therefore x 5.20 x 10?°m 


SS 
sin 14.0° 
x 1.49 x 10'! metres 


This compares favourably with the present-day value quoted 
in equation 4. 


SAQ 4 Ifthe Sun and & Centauri were at the same distance 
from the Earth, then the ratio of their apparent luminosities 
would be the same as the ratio of their absolute (or intrinsic) 
luminosities. That is 


dee Lun 
— would equal | —— 
Lic apparent Lic absolute 


if the Sun and « Centauri were the same distance from the Earth. 
But, in reality, « Centauri is much further away from the 
Earth than is the Sun. (Remember that the Sun is 1 au from 
the Earth.) Hence « Centauri’s apparent luminosity relative 
to the Sun’s will be weakened by the inverse ratio of the 
squares of the distances. That is 


(=) ae ( Fac ) (=) 
Lic apparent 1 au Lic absolute 


The question states that 


is 
(=) = 6.3 x 10!° 
Lic apparent 
L 1 
aad (=) ža 
Lic absolute 1.2 
eN 1 
Hence 6.3 x 101° = e 
lau £2 
Fac 2 
or —} =1.2 x 63 x 101° 
1 au 
Thus Pe 21510" au 


Since 1 pe = 2.06 x 10° au, we can also write the distance to 
æ Centauri A as 1.33 pe. 


As mentioned in ITQ 11, this kind of question is quite tricky. 
Do attempt to argue out the logic of the situation each time. 


SAQ 5 (a) A star at a distance of 1 pc has a parallax of 1 
second of arc. In general, the distance in parsecs is given by 


1 
r=—pe (eq. 8) 
$ q 
where ¢ is in seconds of arc. Hence, Vega is 1/(0.124) pe = 
8.1 pe from the Earth. 


(b) This distance may be converted to astronomical units 
by using the relationship 1 pc = 2.06 x 10° au. Alternatively, 
since the Earth’s orbital radius (which is equal to 1 au) is the 
base-line in the definition of parallax, we can use the small- 
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angle approximation to write 


lau 


as o(in radians) ea) 


Since the parallax angle is 6.01 x 10-7 radians, the distance 
is given by 


1 
-Coo o 


= 1.7 x 10° au. 


SAQ 6 Since the star has a parallax of 0.56 seconds of arc,* 
it must be 1.8 pc away. (Remember the reciprocal relation- 
ship.) Hence, in one year, the tangential distance travelled by 
the star (Figure 44) is given by s = (1.8 x tan 10.5”) parsecs. 
That is, 


tangential speed = 9.2 x 107° pc/year, 
= (9.2 x 1075) x (9.8 x 10°)kms~! 
=90kms_!. 


5 


1.8pc 


| >W 
N 


Figure 44 See SAQ 6. 


SAQ 7 (a) Since the spectrum is blue shifted, the radial 
motion must be towards the Sun. Hence, from Figure 45, the 
true space speed, which can be found by Pythagoras’s theorem, 
is 


v = ,/90? + 110° kms™! 
= 142kms"! 
(b) The angle « that v makes to the line of sight is found from 
tan a = 90/110 
i.e. x + 39 degrees away from the direction towards the Sun. 


90kms | 


110kms'! 


Figure 45 See SAQ 7. 


*1 second of arc, which is of course equal to 1/3 600 of a degree, is 
often written as 1”. 


Notice that SAQs 6 and 7 have reversed the procedure used 
in the moving-cluster method—given the distance to the 
star, you have calculated the magnitude and direction of the 
true space velocity. In the moving-cluster method, it is the 
direction of the true space motion that is known, and the 
distance that is calculated. Of course, the procedure can only 
be used in reverse if the distance can be found by some other 
method (parallax in the case of Barnard’s star). 


SAQ 8 (a) From Figure 25, a star with a surface tempera- 
ture of 8000 K would have an absolute luminosity approxi- 
mately 10 times greater than the Sun’s absolute luminosity. 


(b) To calculate the distance, the reasoning must be the 
same as in SAQ 4. That is 


aee 

Lan apparent lau Lan absolute 
PN 1 

or 1.05 x 1014 = =| 
lau 10 


1.02 x 10° au 
5.0 pe 


Hence Tan 


& 


& 


SAQ 9 Yes, it does. The distance between the star and the 
Earth is 2 x 10° times greater than the distance between the 
Sun and the Earth (i.e. the star is at a distance of 2 x 10° au). 
At this distance, a star with the same absolute luminosity as 
the Sun would appear to be 4 x 10! times fainter than the 
Sun. But you are told that the star’s apparent luminosity is 
4 x 10’? smaller than the Sun’s. Thus the star and the Sun 
must have the same absolute luminosity. From the colour- 
luminosity relation of Figure 25, a star fitting the correlation 
would be expected to have a Sun-like spectrum, i.e. a surface 
temperature of about 6 000 K. 


SAQ 10 From Figure 28, Cepheid B has an intrinsic mean- 
luminosity approximately nine times greater than that of 
Cepheid A. (i.e. a ratio of approximately 80 : 9). Since the 
apparent luminosities are the same, and since the luminosity 
falls off as the square of the distance, Cepheid B must be 


J9 times further away than A, i.e. about 3 times further away. 
Since A is 250 pe distant, B is about 750 pe away. 


As in ITQ 12, this question requires you to interpolate values 
from logarithmic scales. Consequently, you should not be 
surprised if you did not get quite the same answer as me. 


SAQ 11 This is a trick question—not enough information 
is provided to enable you to give a definite answer! The period 
of variation of a Cepheid does not, by itself, tell you how far 
away the Cepheid is. There are Cepheids in our own Galaxy 
with periods as long as 100 days, and there are Cepheids in 
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distant galaxies with periods as short as 1 day. Of course the 
distant, 1-day Cepheids will appear to be very faint because 
first they are intrinsically not so very luminous (according to 
Figure 29, perhaps only a few hundred times the absolute 
luminosity of the Sun), and second they are distant, and the 
apparent luminosity falls off as the square of the distance. 


To be able to answer the question you also need to be told 
how luminous the Cepheid appears to be compared with the 
apparent luminosity of, say, the Sun. 


SAQ 12 The brightest blue stars in all galaxies are assumed 
to have the same absolute luminosities. Hence, the relative 
distances of the galaxies are inversely proportional to the 
square roots of the relative apparent luminosities of their 
brightest stars. Since M31 is known to be 650 kpc away, the 
relative distances can all be converted to absolute distances. 
Note that the apparent luminosity of the Sun is irrelevant for 
the purpose of answering this question! 


Table 5 shows how the distances are calculated. (Note the list 
of galaxies has been rearranged to bring them into order of 
increasing distance.) 


SAQ 13 No! Certainly Hubble’s law predicts that in general 
the red shift increases proportionately with increased distance. 
However, this generalization breaks down for close galaxies, 
particularly those in the Local Group, because of the contri- 
bution to the red shift made by relative internal motion of the 
galaxies within the group. In fact, the Fornax system is one of 
the galaxies that shows a blue shift in its spectrum. 


SAQ 14 From ITQ 15, you should have found that the 
Hubble constant is about 1200 kms! per unit distance to the 
Virgo cluster. Hence, the recessional speed of 5400 km s~! 
should lead you to expect that the Perseus cluster is about 
4.5 times further away than the Virgo cluster. Since we assume 
that the brightest galaxies in all clusters have the same absolute 
luminosity, the apparent luminosity falls off as the square of 
the distance. Hence, the galaxy 4.5 times further away than 
the Virgo cluster, will be (4.5), or about 20, times fainter than 
the brightest galaxy in the Virgo cluster. 


SAQ 15 The distance to these three clusters can be found 
directly by reading from the graph of Figure 37. Alternatively, 
since H is the gradient of this graph, r can be found by dividing 
the recessional speed by H. Hence the distance to Coma 
Berenices is about 130 Mpc, to Hercules about 210 Mpc, and 
to Gemini about 470 Mpc (to the nearest 10 Mpc). 


If the Hubble constant is 100 km s~ !/Mpc, these distances are 
all a factor of 2 too big. 


Table 5 Galactic distances found by the brightest blue star method 


apparent luminosity of brightest star 


relative to Sun’s relative to apparent 


distances relative to ry3; approximate absolute 


distances in Mpc 


galaxy apparent luminosity luminosity of star in M31 (oc (apparent luminosity) ~ +>) (assuming M31 at 650 kpc) 
M31 1x 10-27 1.0 1.0 0.65 
M81 EGOS 0.1 32 2.0 
M64 3s 10= 0.03 5.8 4.0 
M51 PEE 0.02 7.0 4.5 
M65 Eo 0.01 10.0 6.5 
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SAQ 16 If c=3 x 108ms~! = 300000kms~', then 
0.8c = 240000 km s~ +. Assuming that Hubble’s relationship 
can be extrapolated up to such large recessional speeds (a 
dubious assumption!) and recalling that H = 50 kms~! /Mpc, 
the distance of these quasars must be about 4800 Mpc or 
approximately 5 Gpc (almost 16 thousand million light- 
years!) 


SAQ 17 The quasars are four times further away than the 
Hydra cluster of galaxies (i.e. 4.8 Gpc/1.2 Gpc). They should 
therefore be about 16 times fainter. In fact, some of them are 
comparable in apparent luminosity with the brightest galaxy 
in Hydra! 
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